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IS. Abstract 

This AGARDograph is a systematic collection of experimental results for use of engineers 
and designer, limited to externally carried, unpowered, unguided stores.  In the sections 
dealing with store trajectories, the physical situation is described, the method of solution 
is indicated, and the final results are presented.  Emphasis is on store motion in traversing 
the parent aircraft flowfield, with criteria for safe separation and methods of calculating 
flight path. Windtunnel test techniques are described, and some information on flight 
testing given.  Analytical treatment is compared with flight and tunnel results. There are 
brief mentions of ejection systems and the effect of stores on aircraft performance. 
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SUMMARY 

The problem of achieving safe, repeatable and predictable separation of 
stores from aircraft has received considerable attention In recent years. There are so 
many possible combinations of store and aircraft configurations, flight conditions and 
release parameters that some effective and reliable methods must be applied to ensure 
favorable separation characteristics.  Since Information on the subject Is contained In 
a large number of Independent sources, this report seeks to collect the r- alts In an 
organized manner for the convenience of eng) ieers and designers.  In order to limit the 
scope of the problem somewhat, the report Is concerned only with externally carried, 
unpowered, ungulded stores. 

A textbook approach would be desirable. In which each aspect of the subject 
is described physically and formulated mathematically. However, store trajectories are 
usually calculated by computer code. The computational programs are lengthy and are 
useless without voluminous Instructional material. Consequently, in the sections of 
this report dealing with store trajectories, the physical situation is described, the 
method of solution is Indicated, and the final results are presented. Wherever feasible, 
the formulas, equations, or numerical procedures are provided, although in most 
instances, a reader should obtain the original computer program and users' manual. If 
he intends to carry out any computations. 

The major emphasis in this report is on the motion of the store as it 
traverses the flow field in the vicinity of the parent aircraft. Criteria for safe 
separation are presented, as well as methods of calculating the flight path of the 
store.  Wind tunnel test techniques are described and some information on flight 
testing is also indicated. Furthermore, each analytical procedure is checked by 
comparison with data from flight or wind tunnel test results. 

Components of the ejection system, including racks, ejectors, fire control 
systems, and connections are briefly mentioned. References to more detailed Information 
are provided. Similarly, the effects of stores on aircraft performance, and resulting 
structural and design implications are only outlined here. Sources of more detailed 
information are indicated. Thus this report presents methods of obtaining trajectory 
information and a practical guide to related aspects of external store carriage and 
separation. 
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LIST OF SYMBOLS 

To facilitate uae of the various paper» cited In this report, the notation 
follows that of the original authors.     Consequently, the symbols take on different 
meanings In different sections of the report.    Where a symbol has multiple definitions, 
the appropriate sections are Indicated.    Some symbols which are used at only one place 
and defined In the text nearby are not repeated In the nomenclature list. 
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AR' 
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a,b,c 

an 

an 
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CA 

Cc 

Cp 

Cm 

(cm)By 

(cm)cF 

(cm)sB 

CN 

c« 
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«WBy 
(cN)CF 

(CN)SB 

cn 

«Ä 

CVSB 
CP 

CY 

(cy)By 

(CY)CP 

ci 
C90 

aspect ratio 

aspect ratio of transonlcally similar configuration 

body radius 

components of store axis (Section 4) 

Initial acceleration of a point on the store 

coefficient of spherical harmonic 

shock detachment distance parameter 

shock shape parameter 

axial force coefficient 

shock shape parameter for circular-nosed bodies 

force coefficient 

force coefficient on transonlcally similar configuration 

rolling moment coefficient 

pitching moment coefficient 

moment coefficient on transonlcally similar configuration (Section 5.8) 

pitching moment coefficient of store (Sections 3 and U) 

pitching moment coefficient due to buoyancy 

pitching moment coefficient due to orossflow 

slender body pitching moment coefficient 

normal force coefficient 

average normal force coefficient over a store segment 

normal force coefficient per unit body length 

normal force coefficient due to buoyancy 

normal force coefficient due to crossflow 

slender body normal force coefficient 

yawing moment coefficient 

yawing moment coefficient due to buoyancy 

yawing moment coefficient due to orossflow 

slender body yawing moment coefficient 

pressure coeTficlent 

side force coefficient 

side force coefficient due to buoyancy 

side force coefficient due to crossflow 

slender body side force coefficient 

lift coefficient of store 

shock shape parameter for flat-faced bodies 

slope of body doublet distribution 
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D body reference diameter (Section 5) 

D aircraft drag Increment due to store Installation (Section 3) 

d store reference dimension 

d' diameter or thickness parameter for shock detachment 

F ,F ,F force components acting on store 
x y  z 

g gravitational acceleration (Sections 4 and 5.3) 

g slope of source strength distribution (Section 5.5) 

Si slope of source strength distribution at section x^ 

gxigyigz gravity components acting on store 

I total Impulse Imparted to the store by the ejection system 

Ixx,^vv,^zz   moments of Inertia about x,y,z axes 
Ixy,Ixz,Iyz   products of Inertia 

1 moment of Inertia of store about pitch axis 

K scale factor 

kxx,kyy,kzz   radii of gyration 

kXy product of gyration 

L aircraft lift Increment due to store Installation 

I moment arm from store center of gravity to ejector foot (Section 2) 

'■ rolling moment (Section H) 

lc length of circular arc nose 

if distance from store nose to fin l/1) chord (Section 5.2) 

if fuselage length (Section 5.'*) 

iR reference length 

is store length 

M Mach number 

M,, flight Mach number 

MX,M„>HZ moment components acting on store 

m mass of store (Sections 2 and 5.3) 

m angle to body tangent (Section 5.1) 

N acceleration parameter 

n aircraft acceleration In g's 

p,q,r angular rates about store axes 

Q(x) source strength distribution 

Ciit source strength at section xk 

Q|J non-dlmenslonal source strength at x^ 

q dynamic pressure 

q„ flight dynamic pressure 

q«, flight dynamic pressure of store 

R store base radius 

R^ body radius at section Xj 
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SR 

sref 

Sh 

Sv 
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"8.V8 .w8 
u.v.w 

u'.v' ,W 

U%v» ,w» 

"1 

Vvs W8 
U8'V8 

„. 
ur'u9 

uC'vn "c 
uc'v; wi 
ui.Vvl.v'wl.V 

vr' vr've 

vr've 

v. 

v' 

v'.v' 
x y 

aerodynamic Influence coefficient 

cylindrical coordinates 

fuselage radius (Section 5.1)) 

maximum radius of body (Section t) 

body radius at section x. 

radial distance to 1th vortex 

cross-sectional area of body (Sections 5.1 and 5.6) 

store reference area (Section 'O 

reference area 

reference area 

semi-span of horizontal fin 

semi-span of vertical fin 

wing semi-span (Sections 5.1 and 5^) 

vortex semi-span (Section 5.1) 

time after release 

critical time 

characteristic time 

axial component of flow field velocity 

flight velocity 

flow field velocity components along store axis 

components of flow field velocity perturbations 

flow field velocity components In equivalent Incompressible problem 

non-dlmenslonal flow field velocity components 

perturbation velocity ith box 

flow field velocity components in store coordinates 

non-dlmenslonal velocity components in store coordinates 

velocity components In cylindrical coordinates 

flow field velocity components In aircraft coordinates 

components cf equivalent incompressible flow field velocity In aircraft 
coordinates 

components at, wing control point of flow field velocity perturbations 

Initial velocity of store 

ejection velocity 

aircraft flight velocity 

velocity oomponentfl in cylindrical coordinates 

store flight velocity 

velocity components in cylindrical coordinates 

flight velocity of body 

initial linear velocity of store 

components of initial linear velocity of store 

component of flow normal to body (Section 5) 
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WJ 
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X.Y.Z 
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x.y.z 

x,y,z 

Xiy.z 

x.y 

X' 

x'.y'.z' 

x'.y.z' 

x'.y'.z- 

x,z 

x.y.z 

xi,ys,zs 

xj.yi.zx 

xog 

xJ'xlc 

x»,r» 

xs,m 

xV)W>yV)W,zV)W 

XQJYQJZQ 

y 

yf.«f 

zo 

AZ 

a 

"A/C 

af 

as 

Cu 

a' 

r 

store weight (Section '0 

upwash velocity at Jth box 

location of store forward of carriage position (Section 3) 

flow field point Influenced by wing or pylon sources (Section 5) 

distance along fuselage (Section 5-'*) 

store-fixed coordinates (Sections i*, 5.1, 5.2, 5.3 and 5.6) 

coordinates In wing flow field (Section 5.5) 

transonic flow coordinates (Section 5.8) 

points on shock wave scaled to body size (Section 5.5) 

shock deteohment distance (Section 5.5) 

alrcraft-flxed coordinates (Section 'O 

coordinates In equivalent Incompressible flow (Section 5.1) 

coordinates In equivalent transonic flow (Section 5.8) 

coordinates of center of pressure of pylon In store axes (Section 'O 

coordinates of store center of mass with respect to Its moment center 

rtore-flxed coordinates 

coordinates of source points on supersonic wing 

distance forward from aircraft center of gravity to point on store 

locations of source and control points 

non-dimensional cylindrical coordinates 

coordinate of store center of gravity 

vortex coordinates 

non-dimensional coordinates of points on detached shock wave 

velocity components in store coordinates 

lateral position of store along wing 

fin coordinates 

coordinate of wing-body Junction 

distance of store below carriage position 

aircraft or body angle of attack 

aircraft angle of attack 

aircraft angle of attack 

symmetric part of angle of attack 

unsymmetrlc part of angle of attack 

angle of attack in equivalent incompressible flow 

angle of attack of 1th store cross section 

average angle of attack over a store segment 

body slope at section x. 

transonic similarity parameter ■ /|„,2_iI 

vortex strength (Section 5.1) 
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W 

v 

C>n>c 

T 

T 

T' 

♦ 

♦f 

H 

ux.uy,uz 
t  i  i 

UX,Uy,UZ 

transonic similarity parameter (Section 5.8) 

transonic similarity parameter 

angle from body location vector to normal vector (Section 5.1) 

ratio of specific heats (Section 5.6) 

aircraft flight path angle 

aircraft flight path angle 

initial vertical velocity of a point on the store 

Initial vertical acceleration of a point on the store 

initial lateral velocity of a point on the store 

initial lateral acceleration of a point on the store 

slope of body nose 

cone or wedge semi-apex angle 

slope of body nose at Incipient shock detachment 

oblique or conical shock wave angle 

angle to control line defining detached shock wave (Section 5.5) 

angular coordinate of point on body (Section 5.1) 

thickness angle (Section 5.1) 

nose angle of cut sphere or cut cylinder (Section 5.5) 

pitch, yaw, i'oll angles between store axes and aircraft axes 

angular coordinate of ith vortex 

angular orientation of aircraft In pitch, yaw, roll 

pitch angle of aircraft In level flight 

sweepback of source strip 

Mach angle 

normal to body contour 

aircraft-fixed coordinates 

tangent to body contour (Section 5.1) 

thickness ratio (Section 5.8) 

transonlcally similar thickness ratio 

velocity potential (Sections 5.1 and 5.5) 

wing dihedral angle (Section 5.1) 

angle of fin rotation 

wing sweepback angle (Section 5.1) 

sweepback of source strip 

sweepback of vortex and image 

angular velocity of store at ejection 

angular velocity components of store about x,y,z axes 

components of initial angular velocity of store 
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INTRODUCTION 

FIG.   1.1     STORE  SEPARATION 

During World War I a pilot  or bombardier  could  simply toss a bomb safely  clear 
of his  aircraft,   and he might even hit  3omething,   if he  flew close enough to It. 
Unfortunately,  this  technique became obsolete with the development of the enclosed cock- 
pit,  if not before.     The pilot's hand has been replaced by a parade of different release 
mechanisms,  and the  simple  small bomb hi'S been succeeded by  an awesome array of stores. 
Figure  1.2,   for example,   shows a typical attack airplane  in  its  loaded condition;  while 
Fig.   1.3 lllustrites  the  variety of stores  that  are  now being carried by one airplane. 

All this  versatility has not been achieved without penalty.    Besides the 
obvious  degradation  in aircraft performance  that  Is  incurred by the weight and drag of 
the stores,  other problems  arise.    If someone refers  to a  "store separation problem," he 
might be  concerned with the  repeatability of ejection cartridge impulse,  or the 
structural Integrity  of the ejection mechanism;  or he might be referring to the Ingestion 
of rocket exhaust  gases Into aircraft engine Inlets,  or to a whole range of structural 
and aerodynamic effects.     In this report,  after a general description of the store 
ejection process,  we will  focus on the following requirements: 

a. Compatibility - The stores must  fit physically,  electrically,  and aero- 
dynamioally onto the allotted spaces on the aircraft. 

b. Safe Separation - When released, a store must  clear the airplane without 
colliding with It  or interfering with its operation,  and without colliding with another 
store. 

c. Predictable Trajectory - The stores must follow a repeatable predictable 
path from the release point to the target. 

We shall  attempt  to assemble the latest  information on these subjects. 
Besides describing the problems, we will present  analytical and experimental teohnlqjes 
available for their solutions.    The treatment  will  focus primarily on methods of 
assuring the safe  separation and predictable trajectory of aircraft-launched stores. 

We will  limit the discussion to unpowered,  externally carried stores.    Further- 
more,  we will be  concerned primarily with the motion of the store relative to the  launch 
aircraft.    The effect  of the store on the airplane performance will not be considered. 
Neither the structural  loads on the configurations nor the aeroelastlc and structural 
deformations of the airplane,  the store, or the release mechanism will be described, 
although such considerations can be very important  from the point of view of the 
structural integrity of the system.    Aeroelastlc effects  can result In flutter of the 
store-airplane combination,  or other undesirable interactions.    These broader aspects of 
store separation phenomena lie outside the scope of the present treatment.    Even elastic 
deformations which directly affect the release conditions  are not discussed in this 
report.    The release process will be assumed to result In an initial position ,.nd in 
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FIG.   1.2     A-7   ATTACK  AIRPLANE 

FIG.    1.3     FLUTTER  MODEL  AND  STORES 
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Initial  linear and angular velocities of the store,  and we will  focua on Ita progress 
as  It  traverses  the  flow  field  In  the vlnlnlty  of the  launch  airplane. 

Although operational  constraints,   Involving logistics,  maintenance, handling, 
etc.,  are of considerable  Importance In the design of store  separation systems,  these 
aspects of the problem are  also  onltteu from the  current  paper. 

Several documents  are  available In which multi-faceted store separation data 
has been colleotfd.    Aircraft/Stores Compatibility Symposia have been held at Eglln Air 
Force Base,  Florida,  In  1969;  at  Dayton, Ohio,  In 1971;  and at  Sacramento, California, 
In 1973.    The proceedings  of these symposia  (refs.  1-3)  contain a considerable body of 
Information on all aupects  of the problem.     At the present  time   (January 1975)  the next 
symposium in this  series  is  scheduled for Arlington,  Virginia,   in  September 1975. 
Another source  oT information on  the aerodynamic aspects  of the problem is the 
Proceedings  of  the  AGARD Conference on.Aerodynamic  Interference of 1970  (ref.   'I).    The 
aerodynamics  of store separation is briefly surveyed In ref.   5 which contains,  in addi- 
tion to a description of the  latest applicable analytics! and experimental 
techniques,  an extensive  biollography with  286 entries. 

The present  paper begins with a brief description of the mechanical elements 
used in the  carriage  and separation of aircraft-mounted  stores.     Next we discuss  some 
aspects of compatibility  between  aircraft  and stores.     In  the   following sections  on 
"Safe separation"  and  "Trajectory  prediction," methods  are described for calculating the 
motions of the stores  as  they  pass  through  the  aircraft   flow  field.     Finally, we will 
discuss experimental  verification by wind tunnel  and  free-flight  techniques. 

2. THE  STORE  SEPARATION   FROCESE 

2.1 Fire Control  System 

In general  terms  a  fire  control  system is  a  apcclallzed computer.     Inputs are 
target direction ind bearing,   the  launch airplane's position  and  flight  condition,  the 
aerodynamic  and liertlal  characteristics  of the  bomb,   and  initial  forces ii.'oarted by the 
launcher.     The computer digests  this information  and  generates  signals dire«. .Ing the 
airplane  to  the proper position  with respect  to  the  target  and  indicating when to 
release the bomb. 

The  computer must  continuously generate  solutions  in  real  time; but,  since  it 
is  carried in the aircraft,   it   is  of restricted weight  and  size.     Therefore,  its  speed 
and capacity are  limited,   and  it  cannot  complete elaborate  finite  difference  flow-field 
calculations.     Hence,  effects  of the airplane's   flow  field  on  the  trajectory  of the bomb 
can only be  represented  in some  simple  form 

2.2 Pylon-Mounted  Ejection  Equipment 

2.2.1 Pylon-ejector geometry 

Externally  carried stores are attached  to  the  aircraft wing or fuselage by a 
pylon and ejector rack.     The pylon-ejector system must  serve  the  dual function of 
supporting the store   (securely,   it  is hoped)  during carriage  by  the aircraft,  and 
releasing or ejecting the  store  at  the command of the pilot  or the  fire  control system. 
Various ejection devices  are  described in ref.  6.     Figures  2.1  and 2.2 from that  report 
show typical pylons  and ejectors. 

Major components  of the ejector rack  include  the  hooks  which  fit  into lugs  on 
the store and hold it  during carriage;  the  sway braces  which  bear on the store  to give 
it  lateral  support during carriage,  the ejection mechanism which pushes the  store away 
at release,  and the electrical   connectors which pass  signals  and power between the air- 
craft and the  store  or  the ejection rack.     These  individual  components will be discussed 
briefly. 

2.2.2 Electrical   connections 

On bombs,  mines,   and  rockets,  the  electrical  signals  transmitted  to the store 
are primarily  for the  purpose  of setting the  fuze and  initiating release.     At  the same 
time,  the bomb or store may  signal  back its  condition  of readines     to the airplane. 
Electrical power may be  supplied by the aircraft,  or,   for some   fui ctlons, can be  carried 
in the pylon.     It  is  even possible  to generate power momentarily  Ly  the physical nature 
of the release process. 

Naturally,  guided missiles, which will  not  be  considered in detail here,  send 
and receive all kinds  of guidance,   control  and readiness  signals  during their carriage 
on the airplane. 

The need to  convey  electrical signals  and power  can  create  logistical,  opera- 
tional,  and design problems.     It  would be  convenient  to have  the  same standardized con- 
nections  available  for all  stores.     However,  this  constraint  sometimes Imposes  intolerable 
restrictions  on the  development  of new ordnance,   so that  standards  are continually 
changing.     It  then becomes  operationally difficult  to be  sure  to always have the  correct 
electrical  connection  for each  different store-aircraft   combination.     Computer-aided 
techniques   for determining electrical interface requirements  are  described In ref.   7. 
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FIG.   2.1     T-28   AIRPLANE   SHOWING  PYLONS  AND   STORES 

FIG.   2.2     TRIPLE   EJECTOR   RACK 
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Good design can simplify the logistics requirements and at least prevent the possi- 
bility or Incorrect  connections. 

Connectors, themselves,  can cause problems.    Under combat  conditions. It Is 
easy to make the wrong connection or none at all.    Therefore It Is desirable t") make the 
designs as simple and foolproof as possible.    They must also retain their Integrity in 
spite of adverse conditions that might be encountered during launch or carried flight. 
Some typical design Information is available In ref.   8. 

Arming wires and other pieces of connector hardware may break loose during 
store separation.    Such debris may become entangled with aircraft  control surfaces or 
Imbedded In other structures,  or possibly Ingested Into aircraft engines with dangerous 
consequences  (ref.   9). 

2.2,3 Ejection or release mechanisms 

The main functional component of the support pylon Is,  of course, the ejection 
mechanism.    One type of ejector Is  illustrated schematically  In Fig.   2.3.    It Is powered 
by the expanding gases released by an explosive cartridge.     The mechanism releases the 
store by opening the hooks  from which It Is suspended.    At  the same  time, a piston  (the 
design Illustrated In Fig.   2.3 uses two pistons) pushes on the store giving It an 
Initial impulse to help it  clear the airplane. 

The explosive release process subjects  components of the  ejector to high 
structural loads which can result  in  failures of critical components.    The explosive 
gases also erode passages  and deposit particles which degrade performance.    Resulting 
design and maintenance problems  are discussed in ref,   10,  for example.    The development 
of a reliable ejection system requires careful testing of proposed systems and continual 
reporting and analysis of operational problems. 

Some ejectors have one piston  (or "foot");  others have two.     Also, some two- 
piston ejectors have interchangeable orifices so that  the impulse  can be adjusted 
differently between front and rear ejection feet  to compensate for differences in store 
properties or flight conditions.     In all current adjustable systems,  any alterations 
must be made while the aircraft  is  on the ground. 

Effects of different ejection force distributions  are indicated in ref.  11. 
The explosive power la delivered by a cartridge inserted into the  rack when the stores 
are mounted to it.    Various  cartridge charge levels are available.     Some idea of the 
statistical variation between nominally identical cartridges  can be  seen from the 
following data taken from ref.   12. 

average impulse   (19  tests) 81.31 lb-sec 
RMS variation In impulse 7.8% 
average lag time   (25 tests) 5.12 milllsec 
RMS variation in lag time 16.7% 

A variation of one millisecond in lag time  (thu time between electrical signal 
and store first motion)  results  in only a 1-foot  change in range  for a store released 
from an airplane flying level at  1000 feet per second.    However,  if the aircraft is 
maneuvering,  small changes in lag time can cause significant  variations in store 
Impact  points. 

Any change in total Impulse will result in a corresponding change in the 
Initial linear and angular velocities of the store.    Essentially the velocity of the 
center of gravity of the store is  Incremented as  follows  (neglecting the flexibility 
and finite mass of the wing and support and aerodynamic effects), 

AV.,  • i AI (2.1) 'ej m 

where AVej is the Increase of store velocity at the end of the ejection stroke due to an 
Increase of total impulse AI for a store of mass m. The initial angular rate, uiej, will 
increase correspondingly 

Auej  - i AI (2.2) 

where t is the moment arm from the store center of gravity to the ejector foot location 
and 1 is the moment of inertia of the store. 

The effects  of Eiioh  changes  in Initial  conditions  on  the  subsequent trajectory 
of the store can be assessed by making trajectory calculations using methods described 
in Sec.   5- 

2.3 Sources of Dispersion 

In order to place bombs,  or other stores accurately on target, dispersion must 
be minimized.    We will define  three sources of dispersion as  follows;    aim errors,  launch 
errors,  and ballistic dispersion.     Ballistic dispersion results  from the variation in 
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FIG.    2.3.A     PHOTOGRAPH  OF  HARRIER   EJECTOR 
RELEASE  UNIT,   ERU-119 

FIG.   2.3.B     CUTAWAY   VIEW  OF  HARRIER   EJECTOR   RELEASE   UNIT, 
ERU-119 
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flight  path of different  samples of the same store.     In general,  the ballistic dispersion 
of a well made stable store  la small,  on the order of 2-1* mils.       However,  certain 
factors can cause sizable Increases.     For example, mountIr.«; lugs  and other protuberances 
can cause the store to trim and then the trajectory become i  sensitive  to the roll 
orientation of the store.    Flight  tests with wind tunnel aid analytic  comparisons, 
reported  In refs.   13-15,   Indicate  the  Importance of these  Items.     Mass  asymmetries  could 
have  similar effects. 

Unstable  flights were also observed in these  tests.     Unstable  regimes can 
result   from Magnus effects  or pitch-roll  resonance.     It  Is  desirable  to  cause the store 
to  roll  slowly  (by canting the  fins)  to average out  the effects of asymmetries caused 
by manufacturing variations.    Too high a roll rate can cause Magnus  Instability, and a 
low  roll rate must be carefully controlled to avoid pitch-roll resonance.    Stability 
requirements and design  Implications  are described In refs.   13-16. 

Some limit-cycle  types of resonance can be  excited only   if the  store somehow 
reaches a high angle of attack.     The  launch flow-field  interference  can excite nonlinear 
Instabilities and result  in anomalous  trajectories.     Bombs which experience ballistic 
instabilities can  fall  far short  of predicted Impact  points,  and  endanger  friendly areas 
while missing intended targets.     Therefore,  smooth launch is  required  to  reduce ballintif; 
dispersion as well  as to reduce dispersion due to mal-launch.     Since  a well designed 
bomb  has  low ballistic dispersion,   the primary perturbations  of the  trajectory oi Tur 
during its passage  through the aircraft   flow field.     This  launch-induced  dispersion  is 
simply the variation in impact  point  thac results  from this  portion  of the trajectory. 
Even without excitation of unstable  motion,  launch disturbances  can  cause dispersions of 
from  5-^0 mils.     Assuming that  two  identical  launches will  result   in two  identical 
trajectories,  the  sensitivity to  small  variations  in  initial ejection conditions,  air- 
craft   flight or loading conditions  make  predictable,  repeatable trajectories difficult 
to  achieve.    At high aircraft  speeds,  where aerodynamic  forces become  large in comparison 
to  inertial  loads,  the  situation  Is  especially difficult.     Methods  of reducing this 
sensitivity by adjusting the ejection system to produce a smooth  launch are discussed 
in ref.   17. 

The final cause of dispersion Is the aim error.     The sensors and  fire control 
systems which aim the bomb are not   going to be discussed here, but   It   is  Important  to 
recognize the effect on bombing accuracy of tne  factors relating to dispersion. 
Figure  r?.*» illustrates this  point. 

On this  figure  "ballistic  dispersion" includes both mal-launch and free-flight 
effects.     If both  "aim error" and  "ballistic dispersion" are small,   then high hit 
probability is possible.     Obviously  it makes  little  sense to  improve  only one component. 
The  numbers that would make the plot  quantitative de'end on warhead  size,  target size, 
range,  and other factors.     In general,  however,  a 5-mll  tolerance   in both trajectory and 
aim error leads to a very effective  system; while more than  10 mils  in either component 
is  not  acceptable  for accurate bombing. 

Aim error is  apparently greater in 
combat than  in test  range conditions. 
Improvements  in aiming systems must 
address  realistic  environments. 

HIT PROBABILITY The direct  side  force control 
system  (ref.   18)  seems to promise 
progress  In that  direction. 

3. COMPATIBILITY 

3.1 Geometric  and Functional 
Compatibility 

.ZERO AIM ERROR 

FIG.   2.1» 

BALLISTIC DISPERSION (MILS) 

HIT  PROBABILITY  AS  A  FUNCTION  OF 
AIM  E«ROR  AND  DISPERSION 

The  requirement  for 
physical clearance is such a basic 
one that  it may seem unlikely that 
any possibility of interference 
would Le overlooked.     However,  an 
airplane  is an elusive configuration. 
Parts,  such as  landing gear,  flaps, 
control  surfaces,  engine components 
and even wing tips are movable. 
Then the geometry  can deflect 
considerably  under load,  and the 
configuration  on the ground supported by 
the  landing gear  Is  not the same as 
that  In the air supported by the 
wings. 

Also new stores and new 
carriage and  ejection equipment are 
constantly being  Introduced.    The 
new geometry  Is  not always compati- 
ble with all of the older components 
with which It  might  be used.     In 
fact, there are  so many possible 
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combinations of stores,  "acka and aircraft that It Is not surprising that many of them 
are  physically Inooirjatlble. 

Naturally,  It  Is desirable  to check a new configuration on paper before build- 
ing It;  or to check the fit on the drawing board of a particular combination of 
components before trying It out with the actual hardware.    Procedures have been 
developed for performing ti.is non-trlvlal analysis.    The one developed by Washmuth 
(refs.   19 and 20) will be described here. 

The first  step Is the assembly of three-view drawings showing aircraft,  racks, 
and stores to the same scale.    Tht  aircraft drawings show cross  sections  at each pylon 
giving Interference  lines with wheel well doors,  flaps,  ailerons,  ground lines,  etc. 
Examples of such drawings  for the Douglas k-k aircraft are shown In Figs.   3.1 and 3.2 
(from ref.   19).     It  Is  sometimes  convenient to superimpose the  Interference lines  of a 
number of aircraft on a single  chart.     Then they  can be  checked simultaneously  for 
clearance problems with a new  store.     One  such drawing  Is shown  In  Fig.   3.3. 

The next  step In the procedure  Is to  lay the  store  and  rack drawings on top 
of  the  aircraft  layouts  3nd Identify  possible Interference  In each  vie".     Such a super- 
position 13  Illustrated In Flg.   3.1*. 

Finally,  the rack-store  Interface Is  checked with drawings  that  show the 
locations  of ejector feet,  sway braces,  electrical  connections,  and  other interfacing 
components. 

In principle,  the information  could be stored  in oompu*.er programs which would 
then quickly check  for interference.     In practice,  however,  usirg the procedure is very 
simple;  the hard part being the acquisition of the required dravings.     The Naval Surface 
Weapons  Center has  an extensive  collection of these  interferencn  test  drawings of U.S. 
aircraft,  racks,  and stores.     Many  are  available in ref.   20. 

Besides  fitting (reometrlcally  onto the aircraft,  the  ;itore  must mate with the 
systems  that operate and release  it.     Electrical connections have  been alluded to 
prev.1       ly,  and a computer-aided design  technique is  described ..n  ref.   7.     Other hard- 
ware  1       "faces  include mounting  lugs,   sway braces  and ejector Mechanisms.     Some 
requir       nts are established in ref.   8. 

Software considerations are also important. The fire control system must 
contain trajectory data for the particular store-aircraft configuration which it is 
controlling. 

Elaboration of these  points   is not the function of the  present  paper.     How- 
ever,   while concentrating on store  trajectories,  it  is  necessary  to  remember that there 
are  other parts  of the system. 

3.2 Aerodynamic  CompatiMlity 

3.2.1 Aircraft performance 

A  look at  Fig.   1.2 will  suggest  v.hat  an airplane's  performance  is going to 
suffer when it   carries external stores.     Several methods have been developed for 
calculating the di ag penalty  Imposed by  the stores.     A  correlation procedure is 
described by Laiey  in ref.   21.     Essentially,  he expresses  the incremental drag in the 
form of a polynomial  Involving parameters  that  could affect  the  drag.     Then the 
coefficients art   determined by  fitting experimental data. 

For a single store, Lacey finds that lowering the store increases the drag; 
Interference effects are large at M » .9, but much smaller at M ■ .8. The trends are 
similar for clusters of stores. 

Another correlation procedure  is  described by  Berry  in refs.   22 and 23.     It 
is  based on the more  detailed report  of ref.  2').    The trends predicted by  this analysis 
are  similar to those observed by  Lacey. 

Gallagher and Dyer  (ref.   25)  have developed a somewhat  more  comprehensive 
technique,  also based on  correlation  of data.    Their procedure has  been  computerized, 
and  covers subsonic,   transonic,  and supersonic speed ranges.     Some  comparisons between 
their predictions and experimental  data are shown in Figs.   3.5 and  3.6 

In addition to the  incremental drag,  external  stores  add weight  thus  further 
penalizing performance.     The  stores  also will produce pitching moments which must be 
trimmed out,  again penalizing performance.    The stores  can be distributed In such a 
way  that  their weight will not  cause  excessive shifts  of the  center of gravity of the 
airplane. 

The drag force on the stores  shown in Fig.   1.2 acts near the  center of gravity. 
The  relatively high wing of the A-7 airplane puts the stores  in a favorable position 
with respect to the effect of their drag on the trim of the configuration.    The drag 
on stores placed under a low-wing airplane will induce a moment  requiring a change of 
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tr:m. However, the low wing configuration will generally put the store trajectory 
further away from the horizontal tall reducing ohancea of collision. 

3.2.2 Aircraft stability 

Beslries Impairing performance, external stores will also effect the stability 
and handling characteristics of the carrying aircraft. Methods of computing inter- 
ference forces and moments are presented In refs. 22'ii.    The procedures described In 
refs. 22-26 are primarily based on correlations of experimental data.  Such methods are 
simple and reliable provided they are applied to c-iiflguratlona which are not outside 
of the scope of the data used in the correlatlo1-!. The other papers use analytical 
methods based on linear theory. Wings and pyljns are represented by vortex lattices, 
while bodies are represented by source dlstritjutions. 

The theories have been applied to the calculation of the forjes -in stores 
attached to aircraft.  Figure 3.7 (from ref. 27) shows the Interference pitching moment 
on the store, as a function of Its position, predicted by Pernandes, compared 'ilth wind 
tunnel measurements.  The store is moved along its axis as indicated In Fig. 3.t\ which 
Illustrates the configuration.  Comparisons of Coble's analysis with measured no.-mal 
force and pitching moment on a wing mounted store are shown in Fig. 3.9 (from re:.', 30). 

Although Fernandes'calculations appear to show better agreement with experi- 
ment than Coble's, there Is not really much difference between the methods.  The results 
should be regarded as indicating that the theory is useful but not Infallible. 

3.2.3 Structural effects 

The effects of store loading on aircraft structures,  and the stresses on the 
store In carriage have been investigated  for a number of cases  (refs.  33 and  "ik,  for 
example).    While conventional methods of structural analysis are applicable to the 
calculation of the aircraft stresses,  the Investigation of all store loading and flJght 
conditions  can be an enormous undertaking.     In ref.   33,  Brodnax and Rlpley describe a 
"structural Indices" technique to quickly sort  out critical stress conditions. 

The problem of specifying store support  loads is addressed in ref.   31' where 
a proposed Military Specification for store  suspension equipment  Is analyzed. 

Structural problems which are particularly pertinent to store-aircraft  compat- 
ibility involve  flutter criteria and effects of elasticity on the ejection process. 
Investigations  of flutter have been reported in refs.   35-38 among others.    As with 
structural loads,  a primary flutter problem Is  that of investigating large numbers of 
configurations and flight conditions.    Thus,  for example,  in ref.  36 Epperson describes 
a procedure in which flutter boundary curves are generated by a computer as  functions 
of stor. and  flight parameters.    These boundaries are then used to reduce the computa- 
tional labor required to establish flutter clearance. 

Peference 38 presents a different viewpoint.    Means of suppressing flutter 
are discussed rather than methods of establishing conditions for flutter clearance. 

In ref.   39,  Devan presents results of calculations of the structural dynamics 
of store separation.    Flexibility of the ejection system in one case reduces the 
ejection velocity by about 10 percent, and reduces the angular rate Imparted to the 
store by about  30 percent.    Thus the flexibility effect  can be Important. 

3.2.') Aerodynamic heating 

In supersonic carriage, aerodynamic heating can have significant effects. 
IR domes are very sensitive to heating effects  since a heated dome Increases the back- 
ground noise at the IR detector and hence makes the target more difficult to distinguish. 
Warheads and propellants are also heat sensitive.    Thus as carriage velocity increases, 
aerodynamic heating can be expected to receive  Increased attention.    Shook wave impinge- 
ment  from aircraft components or reflected shocks  fron store-generated disturbances can 
result in regions of high local heat transfer on both the aircraft and the store. 
Consequently  store/aircraft combinations present  some difficult heat-transfer problems. 
An assessment  is given In ref.  'to by Van Aken and Markarian,  and some particular test 
results are described by Matthews, Baker,  and Key in ref.   41. 

3.2.5 Design considerations 

An Important  implication of investigations of aircraft/store compatibility is 
that  store-carryint"; configurations should be thoroughly considered in the design of the 
aircraft.     In ref.  12,  two weapon-configured designs are examined.    One design  incor- 
porated a MER/TER weapon carriage system,  and the other was configured for "oonformal" 
carriage.    The airplane geometries were considerably Influenced by the store-carrying 
requirements.     For example, the MER/T5;R wing stations were efficiently carried by a 
fixed wing canard-controlled airplane; whi3e variable sweep wings were more desirable 
for the fuselage-mounted conformal carriage arrangement.    On the other hand,  the landing 
gear was heavier in the latter case because fuselage stowage space was not available. 
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FIG.   3.7     COMPARISON  OF   THEORETICAL   INFLUENCE   COEFFICIENTS   WITH  EXPERIMENTAL   RESULT 
PITCHING  MOMENT  AT  OUTBOARD  PYLON   -   AXIAL  TRAVERSE  AT  MACH   .8 
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FIG. 3.8  AIRCRAFT AND STORE GEOMETRY 
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FIG.   3.9     COMPARISON  BETWEEN  PROGRAM  RESULTS   AND  TEST 

Figure 3.10 shows the advanced MER/TER design and the oonforraal carriage airplane. 

Studies of interference drag effects have Indicated that "conformal" carriage 
can reduce aircraft performance penalties Incurred by the addition of external stores. 
In conformal carriage, the stores are placed against the fuselage, as in the oonflKura- 
tion pictured in Fig. 3.11 (from ref. 1)3). 

To test this concept, an F-H  fighter airplane was modified for conformal 
carriage and tested in a Joint U.S. Air Force-Navy project,  The program is described 
in ref. ^3. 

The results of the flight tests, reported in ref. II, indicated an 11-peroent 
increase in range when the empty rack configuration was replaced by a conformal carriage 
design with no stores. For the two configurations loaded with twelve bombs, the range 
penalty of the conformal carriage configuration was 18 percent less than for the 
conventional loading arrangement. Relative performance envelopes are shown in Fig. 3.12 
(from ref. HH).    The stability and handling of the airplane did not suffer in the 
conformal carriage modification. 
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FIG. J.U  F-I( AIRCRAFT CONFIGURED FOR CONFORMAL CARRIAGE 
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Subsonic  and  aupersunlc  bomb  t'elease  beats wor'e   Included In the program.     As 
reported In ref.   Vj,  all   releaseü  were uueeesBful  wltti  tilsperslon no worse  than  that of 
the conventional  conf.guratlon. 

Besides  conformal   earriai.tü,  c;ther  Itnproveitterits   In weapon-carrying aircraft 
design may   bo  achievable.      For exaiiiple.   stores   ran  carry   lift,   and  hence  might  be  con- 
figured to  reduce  induced  drag.     Tin; entire  aircraft-store  system could be  Improved by 
Integrated design  teclmlquen. 

H. ÜÄFK   SKl'AhATl    :i 

It. 1 Th-  oaf.'  ;V| arat '.   n   I'rob lera 

Wlienever  a  store   Is   released   In   flight,   It   Is   supposed  to  clear  the  carrying 
aircraft  without  hitting     r  damaging  Jt.     In many  situations,   the  precise  point  at which 
the  store   Impact:;   on   the   ground  Is  not  of   Interest;   the   only  requirement   of  the  separa- 
tion process  is   that   the   store does  not  collide with the  aircraft.     Such  conditions 
apply  to  Jettlron  of  fuel   tanks  or  other  expendable  containers,   or  to  bombing of  very 
broad areas. 

Lightweight,   unstable,   low-drag  stores  are  especially   likely  to  present 
separation  problems,   particularly  at  high  dive  angles.     Trouble-prone  flight   configura- 
tions  are   summarized  by   H.   Davis  as   follows:      (quoted  In   ref.   ')6). 

"Any   store   fired  forward  or  aft   from  airplanes  having   low  set   horizontal 
stabillzers/stabllators  where  the store  is   fired within  or near the  lateral 
dimension  of  the  stablllzer/stabllator.   .   . 

"Any  store  which  exhibits   low  static  stability  or   Is   unstable,   particularly 
when   combined  with   a   low  laottient   of Inertia.   .    . 

"Any   store  which  Is   marginally  stable   or  unstable   until   fins  pop  out   after 
release 

"Stores  which  change   configuration  Immediately   upon   release   (finned  bombs 
released  In  the  retarded  mode)   particularly   If hardware   Is   released  from  the 
store   at   the  configuration   change.   .    . 

"Ejected  stores   In  which  the  ejector   foot   strikes   the   store  at   a position 
remote   from  the   store   center  of gravity   (empty  rocket   pod,   partially   loaded 
multiple  ejection  racks   and  Si]U-^0/'^^   flare  dispensers).     The  seriousness   of 
this   situation   is   compounded  by  a  low  moment   of  Inertia  and poor static 
stability.   .   . 

"Any   store  ejected   from  the   Inboard  shoulder  station(s)   of  a  multiple   or 
triple  ejection  rack   mounted  on  a pylon   In   close  proximity   to  the  aircraft 
fuselage.   .   ." 

>i.? Criteria   for  Safe   Separation 

k.2.1 Types   of  criteria 

It   Is   unpleasant   to  discover by   flight   experience   that   a   store   collides  with 
the  launch  aircraft   during  separation.     It   Is  desirable,   therefore,   to  have   some  means 
of predicting  safe  separation  boundaries.      In  principle  these  boundaries   can  be  estab- 
lished by   calculating  the   motion  and  trajectory  of  the  store   as   it   passes   through  the 
nonunlform   flow   field  around   the  airplane,   by  making wind   tunnel   simulations   of  store 
separations,   or  by  determining  formulas which  will   distinguish  safe   conditions   from 
unsafe ones. 

Detailed  trajectory   calculations   require  enormous   amounts   of aircraft   flow 
field  and  store   oharacteristicF   data  because  of  the   large   number  of  possible   combinations 
of  store-aircraft   configurations  and  flight   conditions.      For  the  same  reason  establishing 
safe separation boundaries  through wind tunnel  tests  is  an  expensive and time-consuming 
process.     Therefore  a  simpler procedure  Is   needed  to  establish  approximate   safe  separa- 
tion  boundaries.     Borderline   cases   can  then  be  investigated   in  more  detail   if necessary. 
A  simple  reliable  system  developed  by  Covert   (refs.   kb-ky)   will  be  summarized  here. 

H.2,2 Assumptions 

The first  assumption Is  that an  unsafe separation will manifest  Itself In the 
initial motion  following ejection.     Therefore,  it  Is  only  necessary  to characterize the 
trajectory  during  a  very   short  time  Interval after ejection.     It  is  assumed,   further, 
that  In this  crlt  cal  Initial  period aerodynamic  forces  are  constant. 

•aaxMaMMM« 
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FIG. I*.I      STORE AND AIRCRAFT COORDINATE SYSTEMS 

it.2.3    Coordinate system 

Now let u1^ take a look at the coordinate system which Is shown In Fig '(.I. 

The analysis is carried out in the x', y', z' axis system. 

Two Important characteristics of the axis system should be identified: 

a) The x'-y" plane contains a barrier (the pylon) ind hence a store 
separation trajectory is considered unsafe if any part of the store threatens to pierce 
this plane. 

b) The coordinate system is fixed to the airplane; the x'-z' plane being 
parallel to the aircraft plane of symmetry; the x' axis lies in the plane of the barrier 
(pylon support).  Since we want to examine the possibility of store interaction with 
aircraft components, it is desirable to keep the axis system fixed with respect to those 
components, and hence fixed to the airplane. 

In considering a pylon Jettison, the origin of the axis system can be moved 
up to the top of the pylon so that the x'-y' plane coincides with the bottom surface of 
the wing and, again, piercing this plane is assumed to be disastrous. 

1(.2.1 Motion of a point 

The procedure Is based on a consideration of the motion of a critical point on 
the store.  Consider, for example, the vertical displacement (In the z or z' direction) 
of some point on the store: 

^2 
6z' Vo* + a0 i- (1.1) 

where V0 is the Initial velocity and ao the initial acceleration of the point. The 
acceleration is assumed to be constant during the short time, t, of the separation 
process. 

Separation will be safe (in the 
vertical plane) if Sz^o for all t at every 
point on the store. This condition will be 
satisfied if 

+ an > 0 (t.2) 

which will certainly follow if 

Vn > 0 and a« > 0 

1.2.5 Vertical velocity-acceleration plane 

Thus we could consider a plane 
containing all possible values of V- as 
ordinates,  and a0 as abscissa  (a velocity- 
acceleration plane), and we  could identify 
safe separation with that part of the plane 
in which V0 and an are both positive. 
(Pig.  lt.2) 

| 

SAFE SEPARATION 

FIG. I».2 VELOCITY-ACCELERATION 
DIAGRAM 
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t . .' . 6 ichoch' Criterion 

However, at the origin of the 
plane, the :itore hau neither velocity nor 
aooeler.-it ion, so It will juat sit there. 
Thai Is not a safe situation.  According 
to Sehoch (ref. bO),  a atoi'e which dues not 
I'all a minimum distance 6z'   in a critical 
time tc Is a potential Huurce of trouble, 
.Substituting this requirement In Eq, ('i.l) 
gives the condition 

lz' (•', > ('t.3) 

v.-V. 

Then  the  ä-il'e-separat Ion   regloi 
sh'Wn   In  Fig.   ^,3. 

looke FIG.   it.3     SAFE   SEPARATION  REGION 

C'ivei't's   criterion   assumes   that  a  boundary   can  be  established  In  a  non- 
dlmenslonal   Initial   veloolty-lnltlul  acceleration plane  that  will   distinguish safe  from 
unsafe   cci.Jlt lei.;',.     This   boundary   is   to  be  established  experimentally,   but   from the  above 
dlscunslon   it   is   apparent   that   In   a  non-dlmonslonal   voloclty-acceleratlon plane,   the 
safe  separation  region will   bo  bounded  by  the  horizontal   axis   and  Schoch's   line,   which 
in nai.-dlraenslonal   form becomes 

A, 

;gr 
i—)(x0 r (1.1) 

vhert Is maximum body   radius   and  tc  /-jr"  Is   a  i-.on-dlmenslonal   critical   time.     Aj 
Initial   velocities   and  accelerations   In  the   vertical   direction  in  Covert' 

Figure   :>.:'  shows   the   safe   Separation   region  defined  by   these  criteria  for 

1.71».   a  value  that   appear::   to  agree with  experiment.     The  circles on  the  figure 

represent   flight   tests   In  which   the  store  cleared   safely   in  the   vertical  plane. 

To  test  a store  against  this  criterion,   It   is  necessary  to show that  no point 
en  the   store  pierces   the  safe   separation  boundary,   taking  account   of  the  store's 
angular motion ac  well  as   its   translation.     Explicit  kinematic  relations  are  given  in 
Section  '<.'i.     Qeneraily,   only   the  nose  and the  tall   of the  store  need to be  investigated. 

NORMALIZED 
TIME LIMIT 

«cV^ = 1-5 

11^ 
2      >•      3 

O = LU 

o EXPERIMENT 

(^QQ SAFE SEPARATION 

(TAIL) 

NORMALIZED INITIAL ACCELERATION 

FIG.   k.h     SAFE   SEPARATION  BOUNDARIES    IN   THE   VERTICAL   PLANE 
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4.2.7 Safe lateral aeparatlon 

The assumptions underlying the vertical plane criteria can be applied to 
determine analogous lateral clearance.    In a uniform force field 

y'-  43t + | i^t2 (1.5) 

where A3 and 4^ are initial lateral velocity and acceleration,  respectively, of some 
x-statlon along the store.     Now if the store falls far enough to  clear an obstacle,  it 
must  travel the vertical distance 

Sz 4ite + i Ä,t„ (t.&) llc T 2    2c 

before going the permissible  lateral distance    y'.    The geometry  is  shown in Fig.   ii.5 

FIG.   It. 5      LATERAL  COLLISION  BOUNIMKIES 

From Eq.   (1.6),  the  time to drop the distance 6z'  is 

11 + V Ai2 + 2äz,A; 
tn   - (4.7) 

and then this value is substituted into Eq. Ct.S) to see if the store will clear 
{y'< «y'). It should be noted that if the vertical acceleration is negative (upward), 
then the store will reach some lowest vertical position 

2 

z„ max 24- 
at te ■   

42 

If the obstacle extends below this point {Sz'  > zmax), tlie store will collide 

with this obstacle unless the maximum lateral displacement is less than the distance to 
the obstacle 

ylna 2A1) 
< sy' 

A3  and Ai« 
Substituting tc from Eq.   (t.7)  and letting y'■ Sy', provides a relation between 

or,   in non-dimensional  form 

where  t. 
-A1  +V/A1

2  +   26z'Aj 

to 
43 " £*-- f Ai.te 

J_ . 1   s 
^> 

2     «il 
f   2 

(4.8) 

(4.9) 
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FIG. lt.6  SAFE SEPARATION BOUNDARIES IN THE LATERAL PLANE 

The boundaries lor saTe aeparatlon in the lateral directions are shown In 
Flg. It,6.  Kor positive lateral displacement (starboard), the upper right boundary applies 
and ay1 and äs' (contained in the formula for1 tc) are the lateral and vertical clearance 
distances on that side of the missile.  For negative displacements, the lower left 
boundary applies and the normalizing factors must use 6y' and 5z' appropriate to 
obstructions on the port side of the missile Uy' is defined to be positive).  The data 
from ref. ^7 cannot readily bo transferred to Fig.1.6 because the normalizations are 
different. 

1. 2 . S iilTegta or alriirfift. mnnpuvpr.-i 

To illustrate the effects of maneuvers, consider the case of an acceleration 
in the vertical plane.  Assume that at the Instant of release the airplane Is flying in 
a circular path about some center (Kir. 1.7). 

This maneuver will result In a relative displacement of a point on the store 
with respect to the airplane.  The displacement will result from a velocity term and 
an acceleration term.  The acceleration term Is just the centrifugal acceleration of 
the store, while the velocity comes about because the airplane Is rotating about its 
own center of gravity, hence putting more distance between itself and the store in 
proportion to the distance forward of Its  center of gravity 

The acceleration term Is 

ng cos (eo-Yo"1 

and the velocity is 

xcgg(n-l)   (small) 

where  n  •  number  of g's   acceleration  which 
the  airplane  is  experiencing. 

Then   the  boundary   (Cohoch's   criterion; 
for the maneuvering case  takes  the   form 

RELATIVE DISPLACEMENT 

•ATH OF AIRPLANE 

/Tgr 
- _££_ 

2r V„ 
(n-1) 

PATH OF STORE 

tcH 

el/   « 
+  N) (t.10) FIG.   "».7 MOTION  OF   STORE   RELATIVE 

MANEUVERING  AIRPLANE 
TO 
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where tc ■ critical  tine,  as previously selected for Schoch's  criterion;  t0H 

characteristic time; N ■ n cos(90-Yo)  " oos 90 cos ^0 

In a velocity-acceleration    diagram,  on the safe separation boundary 

/3r 
g 

Is  replaced by eg /W 
(n-1) where this  correction term Is generally 

8 J5iF        2r    V. 
negligible.    In other words, the line representing Schoch's criterion moves more toward 
the  origin as the pitch acceleration  Increases, 

1.2.9 Effect of roll maneuver 

If the store Is out on a wing,  then It Is possible to Insure a safe delivery 
by  rolling the airplane away  from the store Immediately after release.     Do not roll the 
wrong way II 

4.3 

4.3.1 

Pylon Jettison 

Configuration 

The Jettison situation Is  one  In which a safe separation  criterion Is partic- 
ularly pertinent, because In this  case,  once the hardware safely  clears  the aircraft, 
there Is  little interest In Its  subsequent  trajectory. 

The Jettisoned hardware may have any shape, but It will be described here as 
a store-pylon combination. 

4.3.2 Separation characteristics 

a) Such a configuration complicates the separation problem because it can 
have relatively large aerodynamic forces and moments which give rise to roll, pitch 
and yawing moments. 

b) The principal inertial axes are inclined with respect to the coordinate 
system, hence rolling motion, for example, can be converted into pitching and yawing 
motion. 

4.3.3 Coordinate geometry 

The geometry is  again  illustrated by Fig.   4.1.    The origin  in  this  case is 
shifted to the top of the pylon at   its  junction with the wing. 

4.3.4 

The longer the pylon, the more pronounced will be the unsymmetric effects. 

Analysis 

The analysis is straightforward but the Euler equations for angular momentum 
lead to a set of simultaneous equations. The primary effect of the pylon is to Induce 
a rolling moment and hence a roll rate ux. 

This effect can be expressed in the following form 

rolling moment I correction for product 
Inertia  ' I of inertia »-crms 

time 

ux 
4 
f— 
"■xx 

k2 Kzz 
x u2 
7 Kxy ir -(k" A*") 

(4.11) 

zz   xy xx 
where kxx and kzz are radii of gyration and kxy is a product of gyration; I  is the 

rolling moment; 7, z are the coordinates of the center of pressure of the pylon. 

This shows the transient increase of roll rate with time.  Eventually a 
relatively steady roll rate will be reached, but not firing the short time for which 
this expression is appropriate. The roll will be higher order in time than other terms 
and hence is neglected in this short-time analysis. 

Similarly, there is a correction to the pitch plane motion.  This correction 
consists of an addition to the pitch plane mot.Von resulting from the yawing moment 
acting on a skewed principal axis of inertia.  A displacement in the pitch plane will 
then appear. 

This effect is accompanied by a corresponding reduction of the yaw plane 
motion due to a yawing moment since some of the motion appears in pitch and roll. 
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Determination of the Initial Velocities and Accelerations 

t.t.l   atore aligned with aircraft 

To test the safety of release, the mot 
the quantity to be examined. To Illustrate the 
which the airplane Is flying In a straight path 
the axis of the store aligned with the aircraft 
ejector Imparts to the store, at the end of the 
Ity v'and an angular velocity u with respect to 
ejector may push the store in any direction; as 
station pi a| multiple ejection rack. The veloc 
v. and uiy, uz, neglecting any axial motion that 
with respect to alrcraft-flxed coordinates, but 
coordinates in this specialized case. 

ion of the store relative to the airplane is 
procedure, consider first the case In 
(not necessarily a horizontal one) with 
velocity vector. Then assume that the 
ejection stroke, an initial linear veloc- 
the constant aircraft flight path. The 
for example in the case of a shoulder 

ities may be resolved into components v^, 
might have been applied. The motion is 
they are the same as the initial store 

The initial velocities at some point x along the store are then 

Al " vz " «u'y 0.12) 

+ xu". (1.13) 

U.k.Z        General store alignment 

Mow consider the more general case In which the store axis is initially displaced 
from the alrcraft-flxed x' direction by the angles 60, <l>0,  and ♦o in pitch, yaw, and 
roll, respectively. These angles define the projections of the missile axis' onto the 
corresponding planes perpendicular to y', z', and x'. The coordinate system is illus- 
trated in Fig. 1.8 

Assume that the ejection system pushes the store away from the airplane with an 
initial velocity at the missile center of gravity having x', y1, z1 components of Vj^, 
Vy'. Vg', respectively. Furthermore, initial angular rates about these axis will be 
assumed to be "x'> uy'i "z1- At some distance x fron the center of gravity of the store, 
tt-en, the initial velocity components of a point on the store axis become 

al " vz' + oux' cos *o " buy' oos 9o 

tan $0 
v,"  + xu. 

/1+ tan2i(i0+ tan26c 

xuy' 
/l+ tan2i|/0+ tan2e(: 

O.lt) 

FIG.   k.8     MISSILE AXIS   IN  AIRCRAFT   COORDINATES 
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A3 ■ Vy'  ♦ a cos #0 Ug"  +0 Bin ♦„ «x' 

'  1+ tan2i|)0+ tan2e0 

+ xUx> 
tan 9o 

/l+ tan2<io+ tan2eo 
(1.15) 

The Initial vertical and lateral accelerations are obtained by resolving the 
aerodynamic forces and momenta and the weight along the z' and y' ayes. The forces 
divided by the weight of the store give the non-dimensional accelerations of its center 
of gravity. The moments divided by the moments of inertial give the angular accelera- 
tions from which the components at a point x along the missile can be calculated. For 
example, in straight and level flight 

— • cos e ■ + q. 3 L ,  xd c ,1 0  ^wLCz   ^CmJ (K.16) 

where 6'  Is the pitch angle of the aircraft coordinates with respect to a horizontal 
plane. 0 

The initial linear and angular velocities imparted to the store are obtained, 
in principle, by applying the calibrated Impulse of the ejector cartridge and the aero- 
dynamic forces acting during the ejector stroke to the inertia of the store.  However, 
the Impulse of the cartridge is generally a function of the force which it must overcome, 
so that the same cartridge develops a greater total impulse if it is driving a heavier 
store or if it is pushing the store against a high in-carriage aerodynamic load. There- 
fore the cartridge must be calibrated over a range of resistances. Essentially, the 
force imparted by the explosive cartridge to an ejector piston is a function of the 
position and velocity of the piston. The force is larger and lasts longer if the piston 
Is moving more slowly as would be the case for a heavy store. 

As a final note, the flexibility and inertia of the ejection system may also 
affect significantly the initial velocities imparted to the store. Devan's analysis 
(ref. 39) gives some idea of flex.'.bllity effects. In Covert's report (ref. 19), he 
points out that a heavy ejection system imparts a larger fraction of its impulse to the 
store than does a lighter one. 

5. TRAJECTORY PREDICTION 

5.1 Determination of Aircraft Flow Fields at Subsonic Speeds 

5.1.1   Summary of methods 

The trajectory of a store is determined by the initial conditions and by the 
aerodynamic and gravitational forces which the store encounters. We would like to be 
able to specify airplane geometry, store geometry and inertia, flight conditions, and 
ejection forces, and then have a computing machine tell us what the trajectory will be. 
Such computer codes have been formulated and are continually being expanded and improved. 
The first step is to describe the flow field about the carrying aircraft in terms of the 
airplane geometry and flight condition.  Next, the forces on the store must be determined 
at each position In the disturbed flow field; and finally the trajectory of the store 
can be calculated with these known forces. 

The aircraft flow field can be calculated or measured by probing the flow about 
a wind tunnel model. A complete set of experimental data would require flow surveys at 
a large number of flight conditions over appropriate ranges of aircraft angle of attack 
and Mach number.  The parameter of primary interest is the local flow direction (upwash 
and sidewash) as a function of position in the flow. Complete surveys of this type are 
rare, but some flow data is available and can be used to test the accuracy of theoretical 
methods.  In addition, there may be buoyant forces due to pressure gradients in the flow 
field. 

Se reral analytical techniques have been developed In which the aircraft flow 
field is represented in some manner, and the passage of the store through the disturbed 
flow field 1.1 then calculated. Various approximate solutions are described, for example, 
in refs. 50-55 •    High-speed computing machines make feasible detailed representation of 
the aircraft flow field and step-by-atep numerical calculations of the resulting forces 
and motion of a store. The analytical approximations are useful for rapidly estimating 
and comparing trajectories and for Investigating the effects of various geometrical and 
flight parameters.  In this paper, however, we will examine in detail only the -complete 
numerical procedures for store trajectory calculation. Approximate methods are based on 
the same principles, but apply simplifying assumptions to reduce the computational 
requirements. 
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Qoodwln, Dillenius, and Nielsen (ref. 56) have developed a computational proce- 
dure for predicting store sepantion trajectories at subsonic speeds, up to the critical 
speed. The first part of the analytical process is the determination of the flow field 
at the store location. The cross-sectional area of the fuselage of the carrying air- 
craft must be specified as a function of axial distance. A computer program then 
calculates the flow field for the axial source distribution corresponding to the fusela.Te 
volume. In this computation, the fuselage angle of attack Is accounted for by the Beskln 
upwash associated with the equivalent circular cross sections. 

A later modification (ref. 57) provides a more accurate treatment for bodies of 
non-circular cross section. In the modified calculation, cross-sectional shapes are 
specified at a number of axial stations by the locations of control points on the body 
surface. Then the flow field due to the sources which account of the fuselage volume is 
added to the flow field due to a selected number of polar harmonics. The coefficients 
of the polar harmonics are determined by requiring a least square error In flow tangency 
at the control points. In this process, the polar harmonics account for angle of attack 
as well as departures from circular cross section. 

The modification also allows for the introduction of engine inlets. The Inlet 
cross-sectional contour must be specified at the selected axial stations along with a 
velocity ratio which accounts for blockage effects. A velocity ratio of one implies that 
the flow Is unaffected by the inlet, while a velocity ratio of zero implies complete 
blockage, and the inlet is accordingly treated as a solid body. For Intermediate values 
of velocity ratio, the fuselage volume and the local flow deflections at the Inlet 
stations are proportionately adjusted. 

Racks and stores are handled in the same manner as the fuselage In terms of 
their contributions to the aircraft flow field. 

The wing planform is specified In this computation by a number of straight line 
segments. The planform Is then subdivided into small area elements by chordwise and 
spanwlse lines. Specified angle-of-attack, twist, and camber distributions are then 
applied to fix the downwash on each area element in the plane of the wing.  Each element 
Is replaced in the computation by a horseshoe vortex. The strength» of the various 
vortices in the lattice are determined by f rcing the downwash due to the entire vortex 
lattice to match the downwash resulting from angle-of-attack, twist, and camber at control 
points on the area elements. 

The wing thickness is represented by a distribution of sources in the plane of 
the wing.  Again the wing planform is subdivided Into a number of area elements on which 
the slope due to the thickness Is assumed constant. The corresponding source distribu- 
tion can be determined directly; and then the velocity field induced by these sources 
Is easily calculated. 

Pylons are treated exactly like wings except that they are assumed to be planar 
(no twist or camber) and to have straight leading and trailing edges. The fuselage, 
stores, and racks are analyzed first, and the wing and pylons are then analyzed simul- 
taneously.  In this way, flow angles Induced by the other components can be treated like 
Increments in wing camber and twist, and hence the first order Interference effects are 
accounted for In the calculation. In the modified computation described in ref. 57, an 
Image of the wing vortex lattice is constructed Inside the equivalent body of revolution 
representing the fuselage.  In this way the wing-fuselage Interference Is more 
accurately modeled. 

In the Investigation of a store separation trajectory, the flow field at the 
store location is calculated in the absence cf the store in question. The accuracy of 
the calculational procedure is Illustrated by consideration of the flow at the location 
of store #1 in the configuration shown In Pig. 5.1. The sidewash and upwash distribu- 
tions along the store axis in its attached position and one diameter down are shown in 
Fig. 5.2. 

The predictions are in reasonab''' giod agreement with the experimental data. 
The various features are correctly repreuenued. The accuracy Improves as the store 
moves away from the airplane where the flow disturbances are smaller. 

At high flight speeds, the aero /'dmic effects on the store trajectory become 
Increasingly more significant. Above the- critical speed, shock waves appear which can 
Impart strong perturbations to the forces on the store. In addition, higher dynamic 
pressures associated with highe. flight speeds also Increase the aerodynamic forces and 
moments. Transonic and supersonic flow field calculations are not yet quite as fully 
developed as the subsonic case. 

5.1.2   Flow field about a body of revolution 

The following sections will describe the analyses of refs. 56-58. 
nomenclature, and results summarize their procedures. 

The terminology. 

The flow fields are determined for the incompressible case. A Frandtl-Olauert 
transformation Is then applied to account for compressibility effects. The resulting 
relationships between the compressible coordinates (x, y, z) and the equivalent 
incompressible space (x1, y', z1) are 

•»MIMMMaBMMiHIMnBMa mmmm mm 
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FIG.   5.1     LARGE   STORES  WITH   CYLINDRICAL  AFTERBODY   IN  A 
TER  ARRANGEMENT  UNDER   THE  WING 

 ——^———-^t 



^WPIPWI  |iil.iill^»HWI»PWimnimn.lliln.i^iii'm»ii.<lHl,l)  mtiijumu in; 

36 

z 
o 
I- 

2 

Ö u 
a 
UJ 
1- 

a 
UJ 
a 

I 
r 
i/i < 

z o 
z  « 
O V) 

in o. 
0 CO 
a. X 
-i i < 
« u. 
£2 
01 o > « 

O UJ 
UJ Q^ 
U. < 
u. a. 
UJ v^ 

u. 

L tmmmmm 



r wmmm^m^*-w ^^Hf^n^^m 

37 

/TS 
(5.1) 

y (5.2) 

(5.3) 

The corresponding flow velocities are related by the following expressions 

u - -X; C5.1) 
1-K, 

/I-MS 
(5.5) 

(5.6) 

and the angle of attack relationship is 

i' - / 1-M£ a 
(5.7) 

These  transformations are applied to a given compressible flow problem to deter- 
mine an equivalent  li compressible flow configuration.    The solution for the  incompress- 
ible flow is  then re-transformed to give the desirer"  flow field in the compressible 
problem.    Thus  it is only necessary to determine solutions for the incompressible flow 
about configurations representative of transformed airplanes and stores. 

Figure  5.3 illustrates the geometry of a body of revolution representing a store 
body or fuselage.    The sources are distributed in such a manner that the boundary  condi- 
tion of flow tangency at the body surface  Is  satisfied.    When the proper source distri- 
bution has been established,  the resulting non-dimensional flow field velocities are 
calculated from the  following equations. 

u«U»,r») 
Q*(x»-x*) 

k-1  [(x»-x»)2    + r«2]3/2 

k 

(5.8) 

FIG. 5.3  COORDINATE SYSTEM FOR AN AXISYMMETRIC BODY 
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.                     N             «k »• v!(x»,r»)  -    t     !L_ 
^ [(x-.x^Z + r,2]3/2 

(5.9) 

The quantities have been normalized as shown below 

x» - 5- (5.10) 

4R 4D 

(5.11) 

u* - Ü- v. (5.12) 

(5.13) 

i 
«k 

l(lli2v 
R " 

C5.lt) 

Here 1R is the reference length which Is taken to be the length of the Incompressible 
body. vr is the radial component of velocity, u is the perturbation velocity in the x- 
dlrectlon. Q<A  is the strength of the source at the location x^. 

The source strengths must now be established. To determine N sources Q^ where 
k"l,2. ■ • N, the slopes of the body are prescribed at N-2 locations; the body is required 
to be closed, and the nose is a stagnation point. These conditions result in N linear 
equations for the Q^ as follows. 

T,\ngenoy condition at the stations x* where the body slope is 9j: 

tan g J 

vr^J'rJ> 

l+u»(xJ,rJ) 
J-1,2.' .N-2 

or, from (5.8) and (5.9) 

tan B. 

N 
j; &i 

k-1 [( 
I 4>* + 

*■■ 

3/2 

1 + 
N 
Z ^A- -S) 

J-1.2,- •N-2 

k-l [(xf-x!)2 + r!
2]3/2 *J"*k 

(5.15) 

(5.16) 

The linear equations in Q^ can be made more apparent by rewriting (5.16) In the form 

tan ßj " 2) Qjj 
k-l' 

rJ- tan Sj^xj-x^) 

[(xJ-xU)2 + rj2]3/
2 

J-1.2,' .N-2 (5.17) 

Closed body condition: 

Stagnation point condition at x* • r* ■ 0 

N 
I 

k-l < -  0 

• 0 

1 • 
N 
Z 

k-l 

Qk(-xk) 

(x*)3 

N 
I 

QJ 
- 1 

(5.18) 

(5.19) 
k-l x,. 
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With these N equations the N values of Q^ can be determined.    Then,  of course, 
the InoorapreaDlble flow  field Is obtained from Eqs.   (5.8) and  (5.9).    The Prandtl-Olauert 
transformation finally  gives the compressible flow field.     Results of sample calculations 
(Fig.   5.1)  show that  the body shape can,  in fact,  be quite well matched by a suitable 
source distribution. 

The angle of attack induces upwash and sidewash velocities on adjacent wings, 
pylons or other bodies.    These velocities are calculated  from the solution for the two- 
dimensional flow about a circular cylinder giving the  following Induced velocities at 
each x-station. 

v(y,z) 2yz 
,   2     2  2 
(y +z ) 

J2W (5.20) 

2     2 
w(y,z) --   y  ~z 

(y^ + z^) 2x2 
(5.21) 

where a is the local body radius and W is the velocity normal to the body due to its 
angle of attack: 

v    sin a (5-22) 

5.1.3 Non-circular fuselage 

The flow field about a non-circular body  is given In ref.  58.    The velocity 
potential for the general  case is written as the sum of two parts. 

<i0(r,e)   -  *e(r)  +  *2(r,e)  - ^iiil SHx)   In r 
2jrv. 

(5.23) 

where  ie is the three-dimensional velocity potential  for an equivalent body of revolution, 
that is,  a circular body    having the same area at each cross  section as the actual body. 
The flow field components  for this equivalent body of revolution are determined from the 
solutions of Eqs.   (5.8)  and  (5.9).    The two-dimensional inner potential, $2(.rtS),  Is 
obtained by a superposition of polar harmonics 

M^e)  -    I 
n-1 

MH    an cosne      U  (x) 

rn(e) 2ITVO 
S'U)  In r (5.210 

MH is the number of harmonics in the series. The coefficients are obtained by applying 
flow tangency conditions at a number of angular positions equal to or greater than MH. 
A least squares fit at  these points provides the coefficients an. 

To carry out  this process,  the body 
cross section, assumed to have lateral 
symmetry,  is divided Into equal angular 
spacings between  6 « 0 and  6 ■ 180 degrees, 
as shown in Fig.   5.5.    The flow tangency 
condition is satisfied by  ♦p neglecting 
any effects at the body  surface of the 
other components of the combined flow 
potential  (Eq.   (5.23)).     The crossflow 
components under consideration are thus 

3* MH na„  cos ne 
Z      -n  

n-1 „n+l 

UxU)S'(x) 

2iiv<»r 

and 

iÜi 
r 36 

MH nan  sin nB 
Z 

n-1 :H+r 

(5.25) 

(5.26) 

Neglecting u* compared with Ux, the flow 
tangency condition determines the 
coefficients an  through the relation 

FIG,   5.5     CROSS   SECTION OF  NON-CIRCULAR  BODY 
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ux dv e  W(X)   . i. A 
—  ■ -m cos (m- -) + 
v_ dx    v.        2  L 

Ux3'(x) 

2iiv-r 

MH nan cos nS 
- Z 

n-1 „n+1 
COB [e-(m- 1)] 

+ I 
n-1 

MH nan sin ne 

-n+1 
Bin [9-(m- 1)] (5.27) 

In this equation, ^ la the slope of the body contour as Illustrated In Fig. 5.6. 

v Is normal to the cross section at r(9), and T IS the corresponding tangent vector. Then, 

Ar(e) COSY dv ■ Um &. (5.28) 
dx 4x*0 4X     Ax 

and generally ^ varies with 6. m Is the angle to the tangent as shown. The amsle from 

the vector r'to vector v is Y and, aa can be Inferred from the figure, 

m-e- 

and 

m • tan 
-1 

n 

fdr sin e + r cose 
a? 

Lde cos e- r sin e 

(5.29) 

(5.30) 

W(x) Is the upwash at this cross section arising from angle of attack or from the flow 
field due to other components of the configuration. A sldewash could also be treated by 
adding polar harmonics In sin ne. 

The coefficients of Eq. (5.27) are determined so as to make a best fit (least 
square error) to the selected control points. The number of harmonics and control points 
needed to represent the body contour depends on the complexity of the cross section. 
A fairly complicated contour Is found to be represented very well by It harmonics and 
32 control points. 

 7 - TANGENT TO BODY 

CONTOUR AT x 

CONTOUR AT x-A x £ 

T ' NORMAL TO BODY 

X »v 

(NOTE THAT x IS POSITIVE FORWARD, 
HENCEIx-a rf >ixi 

FIG.   5.6    BODY  CONTOUR  SLOPE 
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Air Inlets, at cross sections where part of the boundary is open to the flow, 
are treated by allowing for a flow deflection through the open portion. The tangenoy 
condition la replaced by the slope 

(i- -£)ä* (5.31) 

^ e air inlet velocity produced by the blockage.    The slope  Bj then substitutes  for the 

slope of the contour -JJ- In the calculation of the harmonic  coefficients. 

5.1.4        Wing and pylon  flow  fields 

S.l.1!.!    Flow  field due  to normal  force 

Flo< fields about wing-pylon combinations  are generated by replacing the wing 
and pylon by  vortex  lattices  to account for normal  loads,  and sources to account for 
thickness.    Again,  compressibility effects are accounted  for through the application of 
a Prandtl-GJauert  transformation to obtain an equivalent  incompressible problem. 
Image vortices  In the  fuselage  partially account  for i.lng-body  interference effects. 

A w; ng-body-pylon  combination is shown in Fig.   5.7.     The fuselage  is  repre- 
sented by its equivalent  body of revolution.    The wing and pylon are represented by  their 
midplanes whlc;   have besn  subdivided into a number of area elements.     The wing may have 
sweep,  twist,   camber anc  dihedral varying along the  span.     The pylon mldsection is 
assumed to be planar.    Tne  flow field due to the wing and pylon normal force and the 
wing fuselage interference  is determined by the velocities  induced by a vortex lattice 
system.     Each a.-ea element   is  occi.pied by a horseshoe vortex whose spanwlse segment  lies 
along the quiir'.er chord of the element and whose trailing legs  lie along the streamwise 
sides of the element.    Given the strength and location of the vortex,  the velocity  field 
which it induces  can easily  be obtained from the Biot-Savart  law  (see ref.  59,  for 
example).     Each horseshoe  vortex is accompanied by  an image  inside the body which 

FUSELAGE EQUIVALENT BODY 
OF REVOLUTION (ASSUMED 
CYLINDRICAL ALONG THE 
WING- BODY JUNCTION) 

HORSESHOE VORTICES 

WING MIDPLANE 

CONTROL POINTS 

CONTROL POINTS 

FIG.    5.7     WING-PYLON  VORTEX  LATTICE  REPRESENTATION 
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preserves the body contour.  Figure 5.8 shows a cross section of a general wing-body 
Junction In which the locations of the tra'.llng legs of the vortex image are Indicated, 
The origin of the body coordinate system In at the center of the equivalent body of 
revolution, while the origin of the wing coordinates Is on the plane of symmetry at the 
level of the wing-body Junction.  The locaMon of ün'Image Is determined by the relation 

vlv (5-32) 

where r« Is the radial distance to the vortex from the center of the body, and riv Is 
the distance, along the same radial line, to the Image, a Is the body radius. This 
combination of vortex and Image, where the strength of the Image Is the same as that of 
the external vortex, preserves the circular body cross section as a streamline In the 
crossflow plane. 

Figure 5.9 shows the plan view of the vortex and Its Image.  The Image of each 
leg starts at the same streamwlse (x) location as the corresponding external vortex leg. 

The velocity field due to a general horseshoe vortex Is related to the vortex 
strength, r, and geometry by formulas based on the Blot-Savart law. 

u(x,y,z) ■ -r—  F..   (positive forward) (5.33) 

v(x,y,z) " j— fy   (positive to the right! 

w(x,y,z) • -— Fw   (positive downward) 

(5.3t) 

(5.35) 

Wing 
planform 

Symmetry 
plane 

Image of trailing 
legs 

FIG.   5.9     HORSESHOE   VORTEX   IMAGING  METHOD  SHOWN   IN   PLANFORM 
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The geometrical factors can be expressed as follows for a horseshoe vortex on the left 
wing panel. 

F ■ (z cos * - y sin t) cos * 
U - M 

[x cos ♦ - (y cos ♦ + z sin ♦) sin *]z + (z cos ♦ - y sin ♦) 

jiS_L s tan ») sin » » (v ♦ a cos ♦) cos Hi cos ♦ + (z 4- 8 gin ♦) QQ, | gin ♦ 
[(x + s tan *)2 + (y + a cos ♦)2 + (z + s sin ♦)2]1/2 

(x - 3 tan Hr) sin * + (v - s c0g t)  cog H coa * ■*■ (z - s gin i)  co» m sin 

P„ - 

[(x - s tan i(i)2 + (y - a cog ♦)2 + (z - s sin ♦)2]1/'2 

 - z sin ♦ ■*• x cos ♦ sin ♦ 
[x cos ♦ - (y cos ♦ + z sin ♦) sin *] + (z cos ♦ - y sin ^)i 

*\ 

(5.36) 

|iL± 8 tan ili) sin il* ■♦• (y ■«• s cos ♦) cos f  cos ♦ ■!■ (z ■«• s sin ♦) cos | sin ♦ 
[(x + s tan i|;)2 + (y + s cos ♦)2 + (z + ssln ♦)2]1/'2 

(x - s tan ill) sin ill ■*■ (y - s cos t)  cos ill cos ♦ * (z - s sin i)  cos ill sin i 
2 2 2 1/2 [(x - s tan i|/) + (y - s cos ♦) + (z - s sin ♦) ] 

(z - s sin ti 
2 2 (y - s cos ♦) + (z - s sin ♦) 

I'" (x - s tan ♦) 
2 2 [(x - s tan ♦) + (y - s cos ♦) + (z - s sin ♦)2]i/2 ! 

(z + s sin 0) 

(y + a cos $) + (z + s sin $)' 

L _   (x * a  tan »)  I 

'   [(x + s tan ij«)2 + (y + s cos ♦)2 + (z + s sin ♦)2]1/2J 
(5.37) 

- x cos t|i cos ♦ + y sin i|i 

[x cos iji -  (y cos $ + z sin #)  sin i|i]2 + (z cos ♦ - y sin t)2 

f(x + s tan |j sin ♦ »  (y » s cos» ) cos ill cos ♦ +  (z ■*• s sin ♦) cos i|) sin ♦ 

[(x + s tan *)2 +  (y +8C08 ♦)2 +  (z +asin ♦)2]1/'2 

_  (x - s £aB Hi)  sin ill *   (v -  8  cos  *)  cos  ill cos  * t   (z -  a  sin  t)  eosili sin ♦   I 

[(x - s tan "I»)2 +  (y - s cos ♦)2 +  (z - s sin ♦)2]1/2 ' 

ü   '        ii   i.    i      ,i,  , ,, mmam^l^mmat^^^a^^tltalmamm 
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(y - 8 cos ♦) 
 5 2 
(y - s cos $)    +  (z - s sin ^) 

I1" (x - 8  tan *) | 

[(x - s tan i|/)2 + (y - s cos t)2 + (z - s sin Q)2 ]1/2     ) 

(y + s cos  ♦) 

(y + s cos t)2 +  (z + s  sin <(i)2 

(x + s  tan I(I) 

[(x + s tan Hi)2 +  (y + S  COS ♦)2 +  (z + s sin ♦)2]1/'2 
(5.38) 

x,  y,  and z are distances from the center of the spanwlse  leg of the  horseshoe vortex, 
as  shown in Fig.  5.10.    <|i Is the sweep angle of this segment,  in the plane of the wing, 
and $ Is the dihedral angle of that  part of the wing.    The sweep angle  in the plan view, 
4ip   (see Fig.  5.10),  Is related to the  sweep angle In the plane of the wing by the 
equation 

FIG.   5.10     GEOMETRY   OF   TYPICAL  WING  VORTEX  ELEMENT 

■ - '■    - -    '  
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n 

tani|i" tamjip cos* (5.39) 

a  is the semi-span of the vortex pair as shown on Pig.  5•10, 

The same expressions hold for the Image vortices Inside the body, once their 
geometric layout has been established In accordance with Eq.   (5-33).    Similarly, the 
pylon contributions are determined In the same way with*9 90 degrees.     It Is necessary, 
however,  to first determine the strengths of the vortices. 

Vortex strengths are calculated by requiring no flow through the wing at a 
number of control points.    The control points are located along the center span of each 
area element, three quarters of the distance from the leading edge of the element.    The 
vortex goes through the quarter chord and the control point is at the three-quarter station 
because  these conditions give the correct  lift and pitching moment on a two-dimensional 
airfoil. 

At each control point,  the normal velocity due to angle of attack, wing twist 
and camber, and the velocity induced by other components such as stores or fuselage,  is 
cancelled by the normal velocity  induced by all of the wing and pylon vortices and the 
body image vortices.    For each of M area elements on the wing,  these boundary conditions 
are given by 

M r 
J: [(?„   + Fiw  ) cos ♦„ - (Fv   + Flv  ) sin M  --S— 

n.X   
wv,n   lwv,n      v     vv,n   ■'•vv,n lu v. 

M+MP r 
♦  E   (Fw   cos *„ - Fv   sin ^v) T^- ' (a + a, ) cos ♦., 

n-M+1   M,n v>n       tnv. S      v 

+ J^ü sin ♦v- (_ixü o. + -^ cos 4 (5.t0) 

v - 1,2,. • ^M 

For each of MF control points on the pylon, the boundary conditions can be written 

- j _n_ (F    + Fj    ) -  z      JJ2_ F    - 4^ (5.11) 
n-1 tirv.   v,n   -"'v.n   n.M+1 l^y^    vv,n   ». 

The symbols F„   and Pu   denote the geometrical factors from Eqs. (5.37) and vv,n     wv,n 
(5.38) for the influence of the horseshoe vortex n at the control point v. Flw ^  and 

FA,,        are the functions for the corresponding image vortices, also obtainable from lvv,n 
Eqs. (5.37) and (5.38).  a is the angle of attack of the configuration and a^ is the 

angle due to wing twist and camber at control point v. ♦v l8 the dihedral angle at the 

control point. u1)V, v1)V, and Wj v, are the components of velocity perturbation at the 

control point induced by wing and pylon thickness and from other components such as fuse- 
lage, rack, and stores.  Solution of these M+MP relations determines the values of the 
vortex strengths, rn. The velocity field can then be determined through Eqs. (5.36), 
(5.37), and (5.38). 

5.1.1.2 Wing and pylon thickness 

The velocity potential increment^*, induced by an array of sources of uniform 
strength is given by 

Ai . 1_ fX*f  Ya       tan ♦tdXldYl 
v.  ZvJ^J^    / (X1-X)2 + (Y-Y^

2 + (Z1 

dXl dYl  _ (5.12) 

Z)2 

 ■m_^_JM_^MMM^^_^__^_^^___^^^^^.»^MM^»^lMMlMMMMIIMMi 



^mmmum ^mumi 

18 

THICKNESS 
ENVELOPE 

TANGENT TO THICKNESS 
ENVELOPE 

FIG.   5.11     COORDINATE   SYSTEM  FOR  WING  THICKNESS  SOURCE   STRIPS 

The sources are distributed at all locations Xj, Yj^, Zi, lying in the area bounded by 
the region shown in Fig.  5.11.    For a very narrow swept spanwise strip in a fixed vertical 
plane Z}, a simplifying approximation can be applied 

X.  « Xc - Yx tan X^ (5.13) 

where X^ is the sweep angle of the strip.    Then the Integration results in 

" '■ cos iii tnf ([Xc + Yft tan *! - X]2 + [Y - Yfl]2 + [Z,  - z;2  "* Q • -^ 008 til »nf (tXc + Ya tan ^ - X]2 + [Y - Ya]2 + iZ-^ - 2]2  )3 

i— + (X - X0)  sin «i + Y cos Uli] - tn [([Xc + Yb tan H - X]2 +  [Z^Z]2 ) 2, 1/2 

cos i|(i 
^- + (X - X0)sln il/j^ + Y  cos )A\ (5.11) 

&Xi is the width of the atrip in the chordwise direction; Ya and Yb are the spanwise 
limits (negative on the lift wing panel) shown in Fig. 5.11, from ref. 56, *i is the 

■ • - • ■:" ■ i - - ■   — ^——^- 
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aweepback angle of the strip; and 6 la the alope of the wlrg thickness at the middle 
of the atrip. 

The perturbation velocity components can be obtained by differentiating the 
velocity potential. The resulting perturbation velocities due to one strip are then 

^  37 ^ ■ — C08 *1 

1 -(Xc - X t Ya tan »1) *  B sin »j  -(Xe - X ■*■ Yb tan »!> + D sin »t | 

'i AB CD ) 

*V..l_(il)  !^1      (Y - Ya t B cos i»!  Y - Yb t D cos »t ) 

V- " 3Y  v«'   ZlT C0S ^ (     AB "       CD       ) 

4a . »_ (M).  i oos $.    I 
v»  3Z ^v,.'   2n     *1 I 

-(Zi - Z)   -(Z 

AB 
1 - Z)) 

CD    ) 

where 

A • /(Xc - X + Ya tan g»!)2 + (Y - Y )2 + (Zi - Z)' 

(5.15) 

COS l|ll 
+ (X - Xc) sin ^ + Y oos ^ 

B - / (Xc - X ■ Ya tan n)2 + (Y - Ya)2 + (Zi - Z)' 

/ (Xc - X + Yb tan ^)2  + (Y - Yb)
2+(Z1 - Z)

: 

-jp + (X - X0) sin il»! + Y 00a *! 

/ (Xc - X + Yb tan *i)
2 + (Y - Yb)

2 + (Zi - Z)2 (5.16) 

Similar expressions can be derived for the corresponding source strip on the right wing 
panel.  The resulting expressions are Identical to Eqs. (5.1)5) and (5.16) except that 
Ya and Yb are Interchanged, since Ya Is still the Inboard side of the strip, and tan ^1 
Is replaced by -tan ♦! and oos ♦< Is replaced by -cos ♦j. On the right wing panel 
Ya and Yb are positive. At a field point (X,Y,Z) the perturbation velocity components 

Ü—, —, ü— induced by wing thlokncos are then given by Eqs. {5.^5)  and (5.IS) summed 
V«     VOD     v« 

over all wing source strips on both the left wing panel   t id right wing panel. 

... !■■ ,      ammmälltlllimmmlam 
mmmmimm 
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PYLON THICKNESS 
ENVELOPE 

SOURCE 
STRIP 

(«-^) 

FIG. 5.12  COORDINATE SYSTEM FOR PYLON THICKNESS SOURCE STRIPS 

The effects of pylon thickness are obtained In a similar manner. The pylon Is 
at a spanwlse location Yp. The geometric arrangement Is shown in Pig. 5.12, from ref. 
56, and the resulting velocity Increments are given below. 

Au . e4Xl 
K'ST COB *i 

(-Xpe -t- X + Za tan »i -f P sin »j,  -Xpe + X * Zb tan tj * H  sin »j ) 

( EP " OH ) 

V.   2lt      yl (   EP       OH  ) 

4w  94X1    , | -Za + Z - P cos *!  -Zb + Z - H cos *i 

EP OH 
(5.17) 

■ ...■ jg ^.,-.^.J^^wJ1 - -          —■ -■-——I 1 
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E-   /(XPo  -  X -  Za tan  *j)2 +   (Yp -  y)2  +   (za -  Z)2 + ^_ 
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-  (Xp    -  X)  sin *!  - Z cos  ^ 

F "  /(Xpc  -  X -  Za tan H-i)2 +  (Yp -  Y)2 +   (Za  -  Z)2 

/(Xpo  -  X  -  Zb  tan i^i)2 +  (yp -  Y)2  +   (Zb  -  Z)2 

cos ip^ 

(Xn X)  sin il^ -  Z cos  ilij 

/(Xpo  -  X -  Zb tan  ^i)2 +  (Yp - Y)2 +   (Zt Z)' (5.18) 

5.1.5        Store and ejector rack flow models 

Stores and ejector racks are replaced by equivalent bodies of revolution.    The 
flow fields about  these components are then determined by the same  formulas as previously 
given for circular fuselages. 

5.2 Force and Moment Calculations at Subsonic Speeds 

5.2.1   Forces on store body 

The next step In the process of refs. 56 
store Is to calculate the forces on it at each po 
dlnate system for the force calculation Is shown 
Nielsen calculate the forces In the xs, ys, Zs 00 
nose. The flow field, however, has been obtained 
^n.C. The relation between the t,ri,C system and 
x, y, z is Illustrated In Fig. 5.11. The missile 
coordinates except that x points forward while xs 
while zs is positive upward. 

-58 for determining the trajectory of a 
sltion of its flight path. The coor- 
In Fig. 5.13. Delenlus, Goodwin and 
ordinate system fixed to the missile 
in an aircraft-fixed coordinate system; 
corresponding missile coordinates 
coordinates are similar to the force 
points aft, and z is positive downward. 

As shown in Fig. 5.11, the 5,1,5 axes can be aligned with the x, y, z axes by 
first rotating through the yaw angle * about the i; axis. Then the system is pitched 
through the angle 0 about the newly located n axis. Finally the system is rolled through 
the angle ♦ about the x axis. These rotations lead to the relations. 

5 ■ x cos 6 cos \|i + y(sin Q  sin e cos ip - cos $  sin ii)  + 

z (cos ♦ sin 6 cos 1^ + sin ♦ sin if») 

n ■ x cos 6 slni|)+ y(sin <i sin 8 sin 1(1 + cos ♦ cos tp) + 

z(oos ♦ sin 6 sin ^ - sin 1)1 cos i);) 

5 ■ -x sin 6 + y sin $  cos 9 + z cos ((> cos 9) (5.19) 

The  components of velocity  in th3 store  coordinate  system are determined  by 
summing the contributions  from the free stream,  the perturbations due to the aircraft 
components,  and the damping velocities induced by  the angular motion of the store.     Thus 

J 
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"B 

^ ■ v-5.ya + v» + r(x8 " ^.^ 

be 

B.Z. 
+ W.+ q(xa c8,m) (5.50) 

The components of the free stream as seen In the store coordinate system will 

U«    • cos 6 cos i|i (V, cos Of + O + n O08 8 sin ♦ - sin 6 (V, sin af + c) s,xs 

v»= „ " -(sin $  sin 8 cos i|i - cos $ sin i)i)(V„ cos ar  +E) 

~n   (sin (ji sin 6 sin 41 + cos t  cos i|0 

- sin 4 cos 8 (V,,, sin af + c) 

w"= » " (V« cos af + t)(oos $ sin 8 cos i|i + sin ♦ sin f) s»zs 1 

+ n(cos ^ sin 8 sin ifi - sin $ cos t|i) 

+(V„ sin af + () cos $ cos 6 (5.51) 

The notation, U«. „ , denotes the component of free stream velocity In the x. direction s,xs o 

of the store coordinate system. V.    and W„    have analogous connotations. Of is 
s»yg    a»ys 

the angle of attack of the parent aircraft which Is flying at the uniform speed ¥„. 

5, n» and c are the components of the angular rates of the missile In the aircraft- 

oriented Inertlal system. 

The terms us,  v8,  and ws In Eq.   (5.50)  are the velocity perturbations Induced 
by the  fuselage, wing,  pylon,  rack, and other stores  as  calculated by the previously 
described methods.    At each point In the trajectory all of the velocity perturbations 
are summed In the fuselage coordinate system of the Incompressible transformed space 

giving u', v',  and w'  In the C»  n,  C coordinates.    When transformed back Into the 

compressible space,  these components become 

Ur - -| 

w» 

Wr " -'• 5   ß 

Then finally. In the missile coordinates 

u ■ -ur cos 8 cos 4 - v_ cos 8 sin * + wr sin 8 

v • Ur(sln $ sin 6 cos i|i - cos $ sin t|i) 

+ v. (sin 4 sin 8 sin i|i + cos^ cos i|;) + w, sin 4> cos 6 

(5.52) 

 ■-'• '■  --~ 
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*s ' ~u((cos * 8ln * cos * * 8ln * 8in ♦' 

-vn(oo8 ♦ sin 6 sin ♦ - sin ♦ cos ♦) - w^ cos ♦ cos 6 (5.53) 

The term r(xa - x. m) In Eq. (5.50) accounts for the damping due to yaw, and 
the term q(xa - Xg^) Is thi  pitch damping term. The symbols are defined In Fig. 5.1k. 

In the force and moment calculations, the velocities are non-dlmenslonallzed 
by the free-stream velocity of the store. Thus 

v* 'VT 

w 
w» - -1 8  V- 

(5.51) 

where 

V,s ■ [(V., cos af + C)2 + n2 + (V. sin af + c )2]1/2 (5.55) 

Body forces and moments are calculated on the basis of slender body theory. 
The resulting expressions are 

(VSB " K/ 8'0-ä- (*2wJ)dX3 
R •'o   dx. 

(5.56) 

(CY)SB- ^fxs.o-*-(*2vlHx Y'SB - i;/^—^ - '8-« (5.57) 
"s 

(c,,i)sB"&;XX8'0(X8.".-Xs)ir(a2wS)dX8 (5.58) 
■'R fc'o 

(Cn) SB 
2" f-/X8'0(x8.m-^) af ^•V8)dxB (5.59) 
R R 

SR Is the reference area, and tB is the reference length on which the coefficients are 
based. The upper limit of the Integration, xs 0 Is the station at which vortex separa- 
tion of the crossflow about the body begins,  from a correlation by Hopkins (ref. 60), 
this point can be chosen as follows 

Xs,0 • .378 + .527 ^ (5.60) 

Here t« Is the body length, and Xs,! is the location on the body of the maximum negative 
rate of change (boattall) of cross-sectional area. 

In the region of vortex separation a simple crossflow theory Is used to provide 
the body forces and moments. 

(CM). 
2cdr 

CF SR •'X 
av»w*dxs (5.61) 

S,0 

"cdo rl 

R*R Jx. (cm)cp  g 
"•s 

'8,0 

av2wS (xs.m " x8) dxs 

(5.62) 

(5.63) 

tatät^mt^tmämtam 
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JR R' x 

where 

(Cn)cF * r^f lB      avS ("s.m " *83 ^s (5.64) 

v„ 'c ■ / (vj)2 + (wj)2 (5.65) 

and cd„ ■ cylinder drag coefficient - drag per unit lensth 
2aq-8 

C(i0 " 1.2 for laminar orossfow; cd ■ .i) for turbulent crossflow. 

Because of pressure gradients In the flow field in which the store Is Immersed, 
buoyant forces will also appear. 

By assuming that the flow in planes perpendicular to the body obeys the Laplace 
equation, buoyant force terms can be derived. The following formulas result. 

dw* 
(CN)By "ftr8  a2^7dX8 (5-66) 

«Vßy  •  Ujf lE a2 ^ dX3 (5.67) 

(Cm)By" v;/8 a2 S (Xs'm" ^ dx« (5,68) 

(cn)By"4^Xl3a2S(Xs'm'Xs)dXs (5-69) 

5.2.2   Forces on store lifting surfaces 

The forces on lifting surfaces are determined by assuming that the angle of 
attack at each spanwlse station is constant and given by the value at the quarter-chord 
point.  Then reverse flow theorems indicate that the forces and moments can be calcu- 
lated by integrating, across the span, the product of local flow angle times an appropri- 
ate Influence function.  The influence functions are the spanwlse distributions of force 
or moment for the wing in a reversed uniform flow field. 

First it Is necessary to obtain the component of velocity distribution normal 
to the lifting surface along the mean quarter chord. The velocities in the store 
coordinate system us, vs, Ws are resolved to provide the components normal to the fins. 
The lifting surfaces are assumeU to be rotated by an angle 4f with respect to the store 
coordinate system, as shown in Fig. 5.15 for a cruciform arrangement. 

The velocity components normal to surfaces 1 to it, respectively, are 

Wj^ ■ ws cos ♦f + v8 sin ♦f 

w2 " ws cos ♦f + vs sln ♦f 

vi • -wa sin ♦f + v8 cos ♦f 

v2 • -ws sin ♦f'+ vB cos ♦j. (5.70) 

Pins FT and Fj are the rotated "horizontal" lifting surfaces, while F3 and Fjj denote the 
rotated vertical ones. 

The calculations are simplified by defining symmetric and unsymmetric components 
of the spanwlse angle of attack distribution. Thus the symmetric component is 

wi(yf) + W2(-yf) 
0. - -^—: = — (5.71) 

2V.8 

and the unsymmetric part Is 

• ■—  .■,-.^.^„-^,1-1—^—^—^» 
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FIG. 5.15  COORDINATE SYSTEMS USED IN EMPENNAGE FORCE AND MOMENT CALCULATION 

"l(yf) - W2(-yf) 

2V_ 
(5.72) 

Then the total force along the z direction (Including body carry-over) in the fin coordinate 
aystem Is Ar, 

f (cz)BH "   ^z^i • I r5-^/    h a
8(CC4)3 dyf " (sh-a)':-' a 

where from slender body flow for the fln-body in reverse flow, (ref. 60), 

(5.73) 

(CCt). 
_ ||y(Sh2yf2-a'

l)(Sh2-yf2) 

sh
2 yf2 

(5.71) 

dCr 
(aöTOH Is the linear theory lift curve slope of the horizontal external surfaces. Joined 
together. This formula uses the slender body theory lift distribution but corrects the 
integrated value by multiplying by the ratio of linear theory lift to slender body lift. 

The values of wi(yf) and W2(-yf) are determined from the previously described 
flow field calculations without the store present. The store induces a "Beskin" upwash 
over the fin panels which has the distribution 

wB(yf) "o  —7 yr 
(5-75) 

w0 is the velocity component at the center of the body in the zf direction. Thus, 
instead of Eq. (5.71) for yf > a 

w1(yf) + w2(-yf)  w   2 a'm   ^        *w (5-76) 
s "s yf 

Similarly the force along the y'f direction, including body carry-over and 
upwash, is 

• ■■ —•J— 
^■HMkaiMMi 



mm HMmpHpanppi'vm npi —■ ■- i mfmm 

where 

Ä 
C(Cy)BV -  (Cy)B]f - i -ZZ-^-f3"    »tUCt)k izt 
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(5.77) 

J(sv
2
Zf

2 - a^CSy2 - zf
2) 

(5.78) 

and 

,^L. 

V2Uf) + v1(-zf)      v0ad 

2V-s V-Zf2 
Sf    » (5.79) 

Also, here (35^)7 l8 the linear theory lift slope for the vertical fins and v0 is the 
lateral velocity (along the yf direction) at the body center. 

The forces are assumed to act at the mean quarter chords of the exposed panels. 
Then the moment coefficients are 

n 
(5.80) 

[(Cn)BV "   (Cn^Blf " "  t(Cy)BV -   (Cy)B]f ji (5.81) 

where l^  and I    are the distances from the moment center to the fin quarter chord 
positions (positive for the fin aft of the moment center); and IR is the reference 
dimension for pitching and yawing moments. 

Rolling moments are derived for the planar wing case and the cruciform fin 
configuration in which all panels are of identical geometry. The procedure is the same 
as for the other forces and moments, except that the load distribution corresponds to 
the slender body theory for an angle of attack distribution increasing linearly along 
the span. The results are, for the planar case: 

In this formula, 

1 (-T^H /"Sh 
(C*)H - - i  da ,    J   hau (CCt)5 dyf 

* (Sh-a)nR-
,a 

wi(yf) - w2(-yf)  pyf 
u       2V«.        V«. 

(5.82) 

(5.83) 

where p i*  the roll rate, and the last term in Eq. (5.83) accounts for the damping In 
roll. 

Slender body theory for a linearly varying angle of attack (wing with linear 
twist) gives 

n . 2   -1 2aSh  w  , a2, «/(ShWH^Yf 
(1 + ^ cos ^ ^r^r)(yf + j-)  \  (CCt)5 

Sh
2
+a

2 

ff^h 
Sh

2yf
2 

For cruciform fins 

?     .2 ,    ,  (yf
2+a2)(Sh

2-a2) 
♦ i (yf . äl)2 cosh-1 C-V^ V-^^ 

"     yf (yf
2-a2)(sh

2+a2) 

(dCL, . (£I0H  rsh 
(Ci)HV - - i ; ^  L       (»u + l!u)(CC1)6 dyf 

" (s-a)":!« -'a 

au is given in Eq. (5.35), and 6 is obtained from 

V1(-Zf) - V2(Zf)   pzf 
3 -   + —- 

2V_ V.B 

(5.810 

(5.85) 

(5.86) 

■ M   - •- 
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The slender body result for the cruciform, derived in ref. 61 becomes 

(CC,)6 - 55- [C08 2e tanh-1 (B^n jg ) - cos Zy    tanh-1 (^5 29 )] 
» 0   n sin 2Y tan 2Y 

+ OL.  [KCk!) sin He - 2k1 cos A1K(k1)Z(A1,lc1)] (5.87) 

where 

R - |Vsh
2 + ä-y (5.88) 

Sh
2  (a" + yf") 

cos ze . Ji- , — — (5.89) 
yf2  (a" + S^) 

„2 
cos 2Y - ä— (5.90) 

2R 2 

kl - sin 2Y (5-91) 

K(k1) » complete elliptic Integral of the first kind 

- n     _ 
KdCi) •/ ? , 2*  (5.92) 

yo   /l-k,2sln2 z 

sin 2Y 

Z(A1,k1) ■ Jaoobl zeta function 

o    »x-«j 

1 . sin-1 (^n g9 ) (5.93) 

K(k1)E(A1,k1) - Ea  ,k1)F(A1,k1) 
ZU^  " — K(k1)  

?  1   1 1 C5.94 

^•(Ai.k!) -Z"*1     dg  — C5.95) 

F(A1,k1) • Incomplete elliptic Integral of the first kind 

dg  

/l-ki2 sin2 z 

E(^ .kj) ■ complete elliptic Integral of the second kind 

E(| ,ki)  •I 2  /l-ki2 sin2 z dz (5.96) 
■' o 

E(Ai,k1) ■ Incomplete elliptic Integral of the second kind 

E(A1,k1) -/ 
1 /l-ki2 sin2 z d? (5.97) 

•/ o 

At yf ■ a, the expression becomes indeterminate having the limit 

(CC^g  - -8-S- [- cos 2Y log(oos 2Y)+ .5K(k1) sin 16] (5-98) 
y-a 

5.3     Calculation of Store Trajectory 

The trajectory of the store is determined, in ref. 56, by integrating the equa- 
tions of motion. The trajectory is determined with respect to the airplane (in the C, 
n, c coordinate system fixed to the fuselage). The parent aircraft Is assumed to be 
flying at constant velocity, constant angle of attack and constant flight path angle 
with respect to the horizontal. 
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The equations of translatlonal motion are. 

C+[y cos (C,z)-? COB (C,y)]p+[z oca t.x)-? cos (C,8)]q+[x cos (C,y)-y cos (C,x)]r 

Fx  - , j  - 
■ [— + xCq2*^) - ypq - zpr - qz0 + ry0] cos (e,x) 

+ C"in - xpq + y(p2 ♦ r ) - zqr + pz0 - ri0] cos U.y) 

P 
+[ir- xpr - yqr + z(p2 + q2) + qx0 - py0] cos (C.z) 

n+[y cos (n.z)-! cos (n,y)]p+[z cos (ii,x)-x co8(n,z)]q+[x cos (nfy)-y cos (n.x)]!1 

• [^ + x(q2 + r2) - ypq - zpr - qz0 + ry0] cos (n.x) 

p 
+ [^ - xpq + y(p2 + r2) - zqr + pz0 - rx0] cos (n.y) 

Pz       -      a  o    •    • 
+[— - xpr - yqr ♦ z(pz +q2) + qxo - py0] cos (n.z) 

(5.99) 

(5.100) 

;+[y cos (?,z)-z cos (C,y)]p+[z cos (C>x)-y cos (c,z)]q+[x cos ((;,y)-y cos (?,x)]f 

Px  _ _     .    • 
■ Ci" + X<(12 + r2) - ypq - zpr - qz0 + ry0] cos (;,x) 

+& xpq + y(p'! + r^) - zqr + p20 - rx0] cos (c,y) 

Pz  _   _    _ .    . 
+[ür - xpr - yqr + z(p2 + q2) + qx0 - py0] cos (c.z) 

The rotational equations of motion are 

m[y cos (z.C) - z cos (y.5)]5 + m [y cos (z.n) - z cos (y,n)]Ü 

+ m [y cos (z.c) - z cos (y.c)]ii + IXXP - Ixyfl - Ixzr 

- Mx - rq(Izz - Iyy) + (q2 - r2)Iy!, + PWXZ  -rlxy) 

- m [7(pyo - qx0) - z(rx0 - pz0)] 

m [z cos (x.t) - x cos (z,C)]t + m [z cos (x.n) - x cos (z.n)]n 

+ m [z cos (x.c) - x cos (z.c)]C - IXyP + Iyyq - Iyzr 

" My " rp(Ixx - Izz) + (r2 - p2)Ixz + q(rlxy - plyz) 

- m [z(qzo - ryo) - x(py0 - qx0)] 

 - ——^ — 

(5.101) 

(5.102) 

(5.103) 
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m [x cos (y,5) - y cos (x.c)]? + m [x cos (y,n) - y cos  (x,n)]H 

+ m UCOB  (y,;)  - y cos   (x,c)]i; - Ixzp - Iyzq + Izzr 

Mz - pq(Iyy - Ixx)  ♦  (P2 - q2)Ixy + r(PIyz " (lIxz) 

- m [x(rx0 - pz0) - y(qZo - ry,,)] (5.101) 

The quantities (, n> (> Pi q> r are determined by Integrating the six equations 
of motion, C, n, (are the coordinates of the moment center of the store with respect 
to the parent aircraft, and p, q, r are the angular velocities of the store about the 
store axes (x, y, z) Illustrated In Fig. 5.13. 

The equations account for mass asymmetry through the coordinates x, y, z 
which locate the center of mass with respect to the moment center In the store body 
coordinates. 

The direction cosines relate the store axes to the parent aircraft axes. 

cos (C,x) ■ cos 8 cos l|l 

cos (C,y) • sin $ sin 6 cos i|/- cos $ sin iji 

cos U,z) ■  cos $ sin 6 cos Ji + sin $ sin \j) 

cos (nix) ■ cos 6 sin i|i 

cos (n.y) ■ ein $ sin 6 sin I|I + cos $ cos ty 

cos (n,z) ■ coa 4> sin 6 sin i|i - sin $ cos i|i 

cos U.x) ■ -sin 6 

cos (c>y) * sin $ cos 6 

cos (c,z) ■ cos t cos 6                                         (5.105) 

As Indicated In Fig. 5.1^, the store axes are related by rotations of yaw, ^ 
pitch, 6, and roll, $ (in that order) to the aircraft axes. These angles are obtained 
by time Integration of the stores angular rates. 

J . (q sin ♦ ■!• r cos ») 
cose 

6 ■ q cos 4 - r sin ^ 

$ • p + q sin | tan 6+ r cos ^ tan 6 (5.106) 

The Integrations are performed numerically starting with some prescribed Initial position. 

The quantities x0, y0, and z0 are the velocity component- of the store moment 
center In the store-fixed coordinates. These are related through the acceleration 
equations 

«r C cos (x.o + n cos (x.n) + c cos (x,?) 

</0 •  i cos  (y,t) + ti cos  (y,n) + C cos  (y,i;) 

z0 •  l cos  (z,C) +  ii cos   (z,n)  +  C cos   (z,c) (5.107) 

The forces and moments are obtained by adding all of the aerodynamic contribu- 
tions to the gravitational forces. 
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px " "«x " <l-6SRcA 

Py ■ mgy + q«gSRCy 

Mx ■ »(Szy - gys)  ♦ <l.,SR*RCt 

My - ni(gx I - gzx)  + q.BSRiBCm 

Mz ■ m(gyI - gxy)  + q,BSRlRCn 

(5.108) 

(5.109) 

Here m 1B the maas or the store, C^ Is a prescribed axial force coefficient, and the 
other aerodynamic coelTlclents are the total contributions to the forces and moments 
of all components of the store configuration. 

The components of gravity are transferred trm  the parent aircraft coordinates 
to the store coordinates to give 

gx » -g cos 6 cos $  sin (of+yf) - g sin 9 cos (of+Yf) 

gy • -g(sln ^ sin 6 cos 41 - cos ^ sin 41) sin (af+'.'f) + g sin 4 cos e cos (of+Yf) 

gz ■ -g(cos ^ sin 6 cos 41 + sin t sin 41) + g cos ^ cos 6 cos (af+Yf)        (5.110) 

a<> Is the angle of attack of the parent aircraft and Yf Is the angle between the air- 
plane's flight path and the horizontal (positive when the airplane Is climbing). 

Finally, the moments and products of inertia are defined by 

ixx ■ /(y2**2)*» 

lyy - /(x2+z2)dm 

Izz - /(x2+y2)dm 

IXy ■ /xy dm 

lxz ■ /xz dm 

IyZ - /yz dm (5.111) 

Computer programs for carrying out all of these computations are described In 
Vol. II of ref. 58. 

5.'(     Comparisons With Experiment 

5.1.1   Plow field 

Comparisons of the computational procedures with experiments are reported In 
ref.  56.    A few illustrations from that report will be shown here.    Examples of flow 
field,  forces and trajectories will give an Indication of the accuracy of the method. 

A wing fuselage model is shown in Fig.  5.16.    A store location on this config- 
uration is shown in Fig.  5.17, and store details in Fig. 5.18.    In Fig.   5.19 sldewash 
and upwash distributions along the store centerllne (without the store present) are 
compared with the theory for the aircraft at M„ •  .25 and 6-degree angle of attack. 
The agreement Is quite good.    The analysis accurately predicts the change in upwash 
due to a pylon, but is not quite so effective on the sldewash Increment. 
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ft 
STORE 

MIOPOINT 

ALL DIMENSIONS IN INCHES. 

FIG.   5.18     LARGE   STORE  WITH   CYLINDRICAL AFTERBODY 
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0.04- 

V-. 

-ao4- 

-aos 

No pylon 
Pylon 

FIG. 5.19  EFFECT OF PYLON ON FLOW FIELD OF WING-BODY COMBINATION 
AT CENTERLINE LOCATION OF ATTACHED STORE 
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5.H.2 Force Distribution 

The force distributions on the store are shown In Figs. 
Again the theory Is quite accurate. 

5.20.a and 5.20.b, 

5.M Trajectory 

The measured initial trajectory of the store  (by the captive-store test 
technique),   is  compared with calculations  in  Fig.   5.21.    In this case the Mach number 
is  increased to  . ^ while the angle of attack  Is  >* degrees.    The pylon Is  included.    The 
displacements of the midpoint of the store are quite accurately predicted by the 
calculation.     The pitch angle is  somewhat  off,  and would presumably result  in some 
divergence of the vertical displacement at  later times.    The gravitational  force Is a 
significant   fraction of the total however,  so that  the trajectory Is not  too  sensitive 
to store angle.    The store without fins would be unstable.    A stable store would probably 
not reach such high angles of attack under these release conditions. 

The high predicted value of pitch angle  is consistent with the  force distribu- 
tion shown in Pig.   5.20.a.    The theory shows  a little too much normal force on the nose 
and a high negative  force on the rear.    The extra pitching moment implied by these 
discrepancies would result in higher pitch angle predictions than would be measured in 
the captive  trajectory experiment.    However the magnitude of the error is  larger than 
would be expected. 

On the whole,  the trajectory predictions are very good for evaluation of 
release safety and could give good impact point predictions for stable stores. 

CAPTIVE STORE THEORY 
NO DAMPING NO DAMPING 

0 0.2       04       0.6 
t, MC. 

02     o.4     ae 
t.MC. 

FIG. 5.21  COMPARISON BETWEEN CALCULATED TRAJECTORY AND CAPTIVE-STORE TRAJECTORY 
OF STORE S0 RELEASED AT ONE-THIRD SEMI-SPAN LOCATION; M« = O."» 
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5.5     Supersonic Flow Field 

5.5.1   Introduction 

The calculation of the trajectory of a store released at supersonic speed 
proceeds in exactly the same manner as the subsonic case. The flow field distribution 
at the store location Is first determined; from this distribution the forces and moments 
acting on the store are computed, and then the trajectory is obtained by integrating the 
resulting accelerations. 

Unfortunately the flow-field calculation is complicated by the presence of 
shock waves in the flow.  Hence, while linear methods are available for predicting 
supersonic flow fields, they are not sufficiently accurate In locating shook waves nor 
in predicting the increments in the flow-field parameters across the shocks.  Consequently 
some augmentation of linear methods is required. 

The procedure described here follows the method of F. D. Fernandes; it is 
described in more detail in refs. 62 and 63. The subsonic analysis, ref. 62, is very 
similar to the method of Goodwin, Dillenius, and Nielsen described in Sections 5.1 and 
5.2 (refs. 56-58).  The computer programs developed by Fernandes are described in 
ref. 61. 

One difference between the method of Fernandes and that of Goodwin, et al, is 
In the method of computing the forces on the store.  Fernandes determines increments 
due only to the interference flow field and adds them to the store-alone forces in a 
uniform flow.  Goodwin, et al, calculate the forces based on the entire local flow 
field. There are small differences In the resulting aerodynamic coefficients when 
vortex separation, for example, introduces nonllnearities. 

After shock waves are located by means of a geometric transformation, the flow 
field about aircraft components is determined by linear theory. Then the load distribu- 
tion on the store is calculated by dividing the store Into axial sections, and determining 
the load on the sections by linear crossflow methods. The procedure calculates loading 
on the body due to local crossflow, axial rate of change of crossflow, and buoyancy. 
Fin loads due to crossflow, and chordwise and spanwise rates of change of crossflow are 
taken into account.  Loads due to vortex separation and fin-body interference are 
included. 

5.5.2 Location of shock waves 

5.5.2.1 Attached shock waves 

To account for the finite strength and curvature of bow or leading edge shook 
waves, the actual body is transformed Into an "equivalent body" as indicated in Fig. 5. 
Here, at some lateral distance from the body, a Mach line is drawn through the actual 
shock wave to the body axis. Then an enlarged body is constructed by geometrically 
scaling up the actual body so that the nose of the transformed body coincides with the 
origin of the Mach line, while the shoulder station remains fixed. As in the figure, 
the local radius of the soaled-up body is related to that of the actual body by the 
formula 

22. 

R' - R' 
X6 

(5.112) 

FIG. 5.22 EQUIVALENT BODY CONCEPT FOR IMPROVEMENT OF LINEAR THEORY 
FLOW FIELD CALCULATIONS IN SUPERSONIC FLOW 
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where XS ■ distance from body shoulder to nose, and XD 
the nose coincide with the Mach line. 
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forward shift required to make 

Then the flow field at the chosen radial distance Is found from linear theory 
for the transformed body. The scale of the transforma'.lon will vary with distance from 
the body since the Mach line will be traced back from different points on the bow shook 
wave of the real body. 

The problem Is to find the shock shape and location. For this purpose the 
procedures of Love and Long are employed. The shape of attached shock waves Is given In 
ref. 65, while detached shapes are treated In ref. 66.  Prom ref. 65, the shape of the 
attached shock wave Is given by the formula 

yi - tan e ln(l + xj) + tan pCxj - tn(l + Xi)] (5.113) 

Xi and yj are the coordinates of points on the shock wave,     e is the shock wave angle 
corresponding to the  Initial slope of the body nose,  6,  and the Mach number of the  flow, 
M.    For the two-dimensional case, such as a wing or pylon section,  e is determined from 
oblique shock theory;  while for bodies of revolution the solution for the tangent  cone 
Is used.    The functions may be found in ref.  67.  w  is the Mach angle given by 

sin"1 i (5.lit) 

Plots of shook wave angle E as functions of Mach number and turning angle are 
shown in Figs. 5 23 and 5.2t for the two- and three-dimensional cases, respectively. 

Although Eq. (5.113) gives the shape of the attached shook wave, the scale must 
be tied to the .ilze of the nose of the body. This relation is given by 

c 
Kx, 

%> * K*l (5.115) 

l0 is the length of the nose of a circular arc fitted to the  forward portion of the actual 
nose shape.    K is a scale  factor determined by  fitting Eq.   (5.113) to shock shapes  for 
circular arc noses.     K is a function of Mach number and turning angle.    The results  of 
the curve fits are tabulated below and plotted in Figs.   5.25 and 5.26. 

TABLE  5.1    VALUES  OF  K 

(a)  for two-dimensional nose shapes 

Values of K for i  ■ 
n 

5° 10° 15° 20° 25° 30° 35° 1)0° 

1.5 8.0 5.0 _ m _ 
2.0 8.0 5.0 3.0 1.5 - - - - 
2.6 8.0 5.0 3.0 2.0 1.15 0.50 - - 
3.3 8.0 5.0 3.0 2.0 1.50 1.10 0.H5 - 
1.0 8.0 5.0 3.0 2.0 1.50 1.10 .70 - 
5.0 8.0 5.0 3.0 2.0 1.55 1.20 .85 0.13 

(b) For axisymmetric nose shapes 

Values of K for *   • 

10° 15° 20° 25° 30° 350 10° 15°   50° 

1.5 6.80 1.17 0.710 0.350 _ w . _ 
2.0 2.85 1.23 .765 .585 0.135 0.297 - - 
2 5 1.95 1.03 .750 .6lr .506 .105 0.300 - 
3.0 1.50 .911 .730 .620 .510 .162 .370 0.250  - 
3.5 1.21 .850 .720 .630 • 575 .505 .117 .305  - 
1.0 1.10 .810 .705 .610 .586 .525 .150 .350 0.190 

mam 
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1.6 

o   EXPERIMENT 
 PRESENT PREDICTION, 

K - 0.36 

j FITTED CIRCULAR-ARC NOSE 
I  |  ■  i I  ^ | '  I ■  |  ■  I  |  |  |   I  ■ |   ■   I   ■  | 

0.2 0.4 0.6        0.8 1.0 1.2 1.4        1.6 

FIG.   5.27     COMPARISON   OF   PREDICTED  AND  EXPERIMENTAL   SHOCK   FOR  AXISYMMETRIC 
NOSE  WITH   CONTOUR  OF   THE   FORM  y = a   -   bx2   +   0x3   -  dx11   (WITH  ORIGIN 
FOR   NOSE   CONTOUR  AT  BASE  OF   NOSE).      M   =    1.62;   6   =   28° 

A comparison of theory and 
experiment  for a particular axlsymmetrlc 
nose Is shown in Fig.   5.27. 

5.5.2.2    Detachment distance 

For detached shocks,  the 
detachment distance is required as well 
as the shape of the shock wave.    The 
formula for detachment distance 
employed In ref.  66 is 

—   •  .50 cot  i det (5.116) 

x' is the detachment distance and d' 
the diameter or thickness of the body 
nose as shown in Fig. 5-28. 6&et i-s 

the cone or wedge angle that would 
Just cause shock detachment at the 
stream Mach number. 

Fernandos (ref. 63) found that 
this procedure gives poor results for 
some ogive cylinder bodies.  Therefore 
he replaces ogive cylinders by "equiva- 
lent" cone cylinders. The modification 
of the body is shown In Fig. 5.29. 

SHOCK TANGENT LINE 

BODY 

FIG.   5.28      DETACHED  SHOCK  GEOMETRY 

EQUIVALENT CONE NOSE 

FIG.   5.29      MODIFIED  GEOMETRY   FOR  OGIVE-CYLINDER  BODIES 
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A cone Is constructed through the apex of the nose and the point at which the 
slope of the nose Is equal to *det' The oone-cyllnder thus formed Is analyzed by the 
procedure for cone-cylinder bodies to be described a little further on. 

(Flat-faced bodies) 

For a cone or wedge with nose angle equal to *det • the constant C In Eq. (5.116 
would be 1.  For other shapes, C has slightly smaller values.  For axlsyrametrlc bodies 
with flat faces, by comparison with experiment. 

For two-dimensional flat-faced bodies, 

'90 

'90 

.70 

.86 

(5.117) 

(5.118) 

Figure 5.30 (taken from ref. 66) shows a comparison of Eq. (5.116) with experimental 
data from refs. 68-78 for a range of supersonic Mach numbers. 

(Circular-faced bodies) 

For bodies with complete semicircular noses, such as spheres,hemisphere- 
cylinders, or the two-dimensional counterparts (circular cylinders, or semlclroular- 
no&ed flat plates), the appropriate values of the coefficient, OC0, vary with Mach 
number.  This functional dependence Is shown In Fig. 5.31 for two-dimensional and 
axlsyrametrlc bodies. 

(Cone-oyllnders and wedge slabs) 

For cone-cylinder bodies, or the analogous wedge-slab two-dlraenjlonal configura- 
tion, the data for detachment distance is fitted by the formula 

il- .5 cot «det + y 

where y Is the negative solution of the quadratic expression 

(5.119) 

(i_)y2 . tiS^Ml^  + [iml  + 1_ U.i32 + x] V (5.120 

where 

b . tqH - 1^ 

2N - iq 
(5.321) 

N - .5 cot 6det (C90-l) (5.122) 

hi 

/b2 - (b4N)2 
(5.123) 

1 " T " ^det  (radians) (5.12t) 

.5 csc^ S 
det (5.125) 

x " ^o " 5det  (radians) 

and 60 is the cone or wedge serai-apex angle. 

(5.126) 
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FIG.   5.30 COMPILATION  AND   GENERAL  CORRELATION   OF   DATA   ON   DETACHMENT  DISTANCE 
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FIG. 5.51  VARIATION OF C,, WITH MACH NUMBER 
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— WEDGE-SLAB PREDICTION 

 CONE-CYLINDER PREDICTION 
I    WO     CONE-CYLINDERS 
N^VO     WEDQE-SLABS 

VARIATION IN CONE OR 
- WEDGE LENGTH £ WITH S 

D 

30 40 60 60 

SEMIAPEX ANGLE, ig, DEG 

FIG.   5.32     VARIATION   IN   DETACHMENT  DISTANCE  WITH   SEMI-APEX  ANGLE   FOR  CONE- 
CYLINDERS  AND  WEDGE-SLABS  AT  CONSTANT  MACH   NUMBER 

Comparisons of this formula with data from ref.  79 are shown in Fig.  5.32. 

(Cut spheres and cylinders) 

From ref.  66,  the variation of detachment distance  for out spheres  (or out 
cylinders in the two-dimensional  case)  is given in the form 

|7 - .5C cot «det (5.127) 

A out cylinder or sphere is Illustrated in Fig. 5.33. In this equation, C is obtained 
from 

f " «det i e i  ? 
(5.128) 

cc + y i e i }-  «det 

complete spheres or cylinders 
obtained  from Fig.   5-31. 

As in the cone- 
cylinder case, an elliptic 
variation of C with 60   (where 

5o  * 7 -9) produces  the 

equation 

SHOCK WAVE 

CUT CYLINDER OR SPHERE 

BODY 

FIG.   5.33   CUT   CYLINDER  OR  SPHERE  WITH 
DETACHED  SHOCK WAVE 

■ 
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(5.129) 
u- D- b' a^ 

Here 

(5.130) 

(5.131) 

b2 J    L b2  JJ  ' b2      a2 

q(b+N) 

b . tqN - H2 

2N - iq 

q  -5 oot 4det 

£ " ? " «det (radians) 

N - C90 - Cc 

X - j - 9 - 6det (radians) 

(5.132) 

(5.133) 

(5.13^) 

(5.135) 

The function  , needed to define q In Eq. (5.132), is obtained by matching the 

slope at C " Cc of the ellipse through the point C • 1 at 60 ■ äjet t0 t'le sl0Pe at C " C0 

of the ellipse defined by Eq. (5.129).  The equation of the ellipse through C ■ 1 at 

60 - S^et and havln8 lts minimum at 60 • 90 degrees, is given by 

ly2 - [2(^11]^ [(Mai! +ix^i- i] . o (5.136) 
b^       b2       b2     a2 

a, b, a,  x are defined by Eqs. (5.130), (5.131), (5.133) and (5.135), respectively, 
but now 

q - - .5 osc2 6det (5.137) 

N - .5 cot 6det (Cgo - 1) (5.138) 

At the desired point, y • .5 cot i/t-t-   (C„ - 1) and x ■ the corresnonding value from 
(5.136) 

This slope defines q in Eq. (5.132) so that y' can be found as a function of x (or 9) 
from Eq. (5.129) and C from Eq. (5.128) 
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A comparison of predicted and measured shook detachment distances for out 
spheres (attached to cylindrical afterbodies) Is shown In Pig. 5.314.  The plot shows 
detachment distance measured by the parameter £, shown on the figure, which can be 

related to the predicted values of 2LJ. through the relations 

b . x'  .        1 1 
D      d'       2 tan 6 2 sin 6 

b  . 
8ln  (7 " «det) [X'   *                    1 

d'      2 tan  Cf ■ 
]  - 

«det) 

1 
D             sin 6 2 sin 8 

0 < e < 1 - 6 det 

I " «det < 6 < 90° 

(5.1«05 

5.5.2.3      Shape of detached shocks 

The shape of the detached  shock wave Is determined In ref.   66 by a modification 
of Moeokel's method  (ref.   80).    The  geometrical arrangement is shown in Fig.  5.35. 
The  angle n.  defining the control  line  is determined as a function of Mach number by 
correlating the results for known shock shapes.    The functions for spheres and cylinders 
are  shown in Fig.  5.36 along with functions used in other analyses. 

0.32 

m 
O 

0.08 - 

0.04 - 

—O— EXPERIMENT 
 PRESENT PREDICTION, 

ELLIPTIC VARIATION OF C 

PREDICTED KNEE AT 6 
■t - 0.158 

9,DEO 

(I no     1 

16 1.93 ! 
30 1.001 
39 0.7S 1 
50 0.66! 
70 0.63! 

Lau. 0 60 1 

SHOCK 

10 20 60 70 80 90 

FIG. i.Jl* PREDICTION OF RESULTS AT M. = 3.55 FOR A SPHERE THAT IS 
EFFECTIVELY CUT (DIAMETER OF ACTUAL MODELS HELD CONSTANT 
AND  RADIUS   OF   NOSE   VARIED) 
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HYPERBOLIC SHOCK 

SONIC POINT ON SHOCK 

TsONIC LINE OF MOECKELS ANALYSIS 
1 CONTROL LINE OF PRESENT ANALYSIS 

BODY 

FIG. 5.35  GENERAL FEATURES OF THE METHOD OF MOECKEL 
ADOPTED IN PRESENT ANALYSIS 
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VARIATION OBTAINED IN PRESENT 
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[TANGENTIAL"^ 

VARIATION OBTAINED 
IN PRESENT ANALYSIS 
(FROM AVERAGE 
VALUES OF t)) 

12345678123456 
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(a) SPHERE (b) CIRCULAR CYLINDER 
(TWO-DIMENSIONAL) 

FIG.   5.36     COMPARISON  OF   VARIATION  OF  n  WITH  MACH  NUMBER   OBTAINED 
IN   PRESENT  ANALYSIS   WITH   THOSE  OBTAINED   IN  OTHER   ANALYSES 
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With this point establluhed, the shock shape Is given by 

3L . 1 V(—)2 - (^)2 (5.1U) 

The distances x and y are measured from the origin of the asymptote as shown In Fig. 5.35- 

6« At2-!;  d' Is the diameter or width of the body at the point of tangenoy of the cone 
or wedge of Incipient detachment. 

The vertex of the shock Is given by the formula (from Moeokel), 

6 /ß2 tan2 e. - 1 & *  ^Jl) 
XQ 

d' 2    2 
6 tan*1 E. - / e2 tan2 e8 - 1 + tan n 

where e  is the shock wave angle that will Just give sonic flow behind the shock,  x 
the shook detachment distance determined previously for noses of various shapes. 

Some comparisons with experiment are shown in Fig. 5.37 taken from ref. 66. 
In these plots, D is the diameter of the cylindrical body while P is the horizontal 
distance measured from the front of the flat-faced cylinder or the center of the 
hemispherical-nosed body. 

5.5.3   Supersonic flow field determination 

5.5-3-1 Wing and pylon representation 

With the shock shape established as indicated in the previous section, the 
supersonic flow field can now be obtained by application of linear theory to a body 
transformed to make its shook wave match the more accurately determined location. 

(5.1t2) 
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FIG. 5.37  PREDICTION OF SHOCK SHAPE AND LOCATION FOR 
AXISYMMETRIC NOSES AT M„ = 3.55 
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The linear employed by Fernandes for a wing or pylon In a crossflow uses the 
"Mach box" method of Zartarian (ref. 81).  The perturbation velocity potential due to 
a source distribution Is given by 

* (x,j ■Uf 
Mach 

forecone 
(x-x^2 - BSCy-y^2 /(IT 

(5.143) 

w(x^,y,) is the distribution of downwash velocity in the region of the Mach forecone 
ahead of the point x, y. 

In the "Mach box" method, wCxi.yn ) is assumed to be constant in rectangular 
boxes whose diagonals are Mach lines, with w constant, the integration can be carried 
out and the velocity potential at x,y can be found for a Mach box centered at any posi- 
tion in the foi'econe.  By shaping the rectangles according to Mach lines, the velocity 
potential function becomes independent of Mach number. The wing planform and the 
adjacent disturbed region of the flow field are subdivided into Mach boxes as shown in 
Fig. 5.38 for two sample configurations. 

The numbers in the boxes designate the order in which they are treated. Since 
w is prescribed in box number 1 by the downwash dlstrlbuticn, and with no other boxes 
in Its forecone, ((1 can be obtained explicitly.  In boxes on the wing, the downwash is 
known.  In boxes in the "diaphragm" region, the pressure coefficient is zero since the 
diaphragm is a region of unknown downwash which deflects to balance the pressure. 

The pressure coefficient, by linear theory, is proportional to the perturba- 
tion velocity in the streamwlse direction 

2E .  2_ li 
Uoo    " U» 3x (5.1^) 

By differentiation of the velocity potential  for a Mach box and summation over all Mach 
boxes,  In the  forecone of a given point,  the perturbation velocities  can be determined. 

z 
in Mach 
forecone 

*A R(i.J) (5.115) 

R(1,J)  is  called the aerodynamic  Influence  coefficient,  and is  a function  of the location 
of Mach box J  with respect to the point at  1.      R(i,J)  is the derivative of the velocity 
potential  due to the Jth Mach box  for unit  downwash. 

R(1,J)  - - y - yi (5.1*6) 

 MACH LINES 
  ACTUAL WING 
 MACH BOX WING 

I» + + 
29T27T23'l9  "' 

(X/fl) 

DIAPHRAGM 

SN ■ SUBSONIC 
LEADING 

EDGE 

13 I B V I^V  DIAPHRAGM 

IMJW'IBVIOI 6 r\ 

!7j25 I 21 V 

we) 

FIG.    5.38     ORDER   OF   COMPUTING  MACH   BOX   PROPERTIES   CU  OR  W)   ON  WING  AND   DIAPHRAGM 
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where the subscript t  Implies that the function Is evaluated over the area of the Mach 
box. That Is, the sides of the Mach box form the limits of Integration, while the 
function Is the Integral of Eq. (5.1t3) for w(xi,yi) ■ 1. 

For a given subdivision of the Mach forecone Into boxes, R(1,J) Is a function 
only of the position of the box. Values are shown In Pig. 5.39. 

From the condition that Cp " 0 on the diaphragm, the values of w (downwash) 
on the diaphragm boxes can be obtalhed by proceeding along the boxes In order. 

5.5.3.2  Flow field due to wing and pylon 

Once the values of w have been assigned to all of the Mach boxes on the wing 
and diaphragm, the velocity potential and hence the perturbation velocities can be 
determined at any point In the flow field. The region of Influence Is Illustrated In 
Pig. 5.to. 

plane Is 
The velocity potential at the point x, y, z, due to a Mach box In the z ■ zi 

"B J .1 Tfrr^ Cx-xp' - (z-z^2 - (y-y^2 
(5.117) 

where S^ Is the area of the Mach L>ox (or any rectangular area over which w Is assumed 
to be constant). 

r 
{XI0) 

s I- 
u. 
O 
111 z 

\-+-h-+ 
-0.17 I 0.11 | 0.023 | 

-Y   Nv--|._ + - + 
-0.19 | 0.13 10.026 I 

-0.211 0.15 10.032 I 

J?4    0.18 10.045 10.036 | 0.045 I /V+-+-4-4- 
MACH LINE _0 29 | o.25 | 0.088 | 0.26 | / 

-0.39 I 0.78 j -0.39 

M 
L-i°j 

BOX INFLUENCED y 

FIG.    5.39     VALUES  OF  AERODYNAMIC   INFLUENCE  COEFFICIENTS   (AIC'S) 
VERSUS   BOX   LOCATION   IN  MACH   FORECONE 

MACH BOX IN 
THE z. PLANE 

'V INTERSECTION WITH 
'THE PLANE z - r, 

MACH FORECONE 

POINT x, v, 1, 

FIG. 5.tO  REGION OF X-Y PLANE INFLUENCING THE POINT X,Y,Z 
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Carrying out the Integrations and differentiating to obtain the velocity 
components leads to the results 

Case I 

u(x,y,z) ■ -i—±—±—±— a 

"(xj^.yj.Zj^) 
v(x,y,z) ■   a 

n6      * 

w(x1,y1,z1) 
w(x,y,Z) -  az (5.118) 

The functions ax,   Gy,  and az arise fi'om the  integration and differentiation of Eq.   (5.1*7). 
and are given below 

[J^i- cos-l ( l^1! \1 
yl"yB        1xl"xD 

yi-VA, ll"AC 

- ß cosh -If I X'Xl I] 
\ ' ß/ (y-si)2 +  (z-Zi)2' ' 

yi"ya 

yx-yA 

*I"*IJ 

ß/ (y-ji)2 

r-e|(y-yiKz-Zl)|   ^^ ^(y-y,)^^)- x 

L2(y-y1)(z-2i) ^(y-yi)2   + (z-z1)f[(^i)2 - (z-z^S]    ^Jj 

"1 ■"■c 
^2(^2X1)2 

(5.119) 

yl'yB)  x'x' 

yi-y* 

If the rectangle  lies on the border of the Mach forecone,  then some of the 
functions will not be real.     In that  case xD is taken to bs the most  forward part of the 
forecone that  lies  inside the rectangle  (see Fig.   5.11).    Then the derivatives give 

Case II w(x1,y1,z1) w(x1,y1,z1) 
u(x,y,z) ■   Gx -   

nß B 

CASE l-RECTANGLE 
ENTIRELY WITHIN 
MACH FORECONE MACH FORECONE 

INTERSECTING Z, 
PLANE 

CASE II- RECTANGLE 
CROSSES BOUNDARY 
OF MACH FORECONE 

FIG.   S.ll     POSITION  OF   MACH   BOXES  WITH  RESPECT 
TO  FORECONE 
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v(x,y,z) 
w(x1,y1,z1) 

iß 

w(x>ylz)  Qz + wCx^ypZj) {z.Zl) (5.150) 

The velocity field due to a distribution of rectangular source elements Is 
obtained by summing the contributions from all of the sources within the Mach forecone 
from the point x,y,z. 

5.5.3.3  Flow field due to fuselage nose 

The flow field about the fuselage, or other body, is determined by a Karman- 
Moore procedure. A description of the theory may be found in ref. 82. A brief summary 
will be given here. 

The fuselage is represented as a pointed body of revolution.  For the body at 
zero angle of attack, a line distribution of sources is placed along the axis.  Assume 
that the sources are adjusted at the points x^, xj, X3. ■ .as shown in Fig. ^■t*2 

Uoo , 

NOSE 

x1    X2    X2 x4    x5   x« 

FIG. S.'ta  SOURCE POINTS FOR CIRCULAR FUSELAGE 

The perturbation velocities Induced by a line of sources of strength gx are, from linear 
theory for axlsyrametric flow. 

jj- - - g COSh"1 (pyr) (5.151) 

and 

^-6 /(2-)2 - 1 
ßr 

(5.152) 

where  the source  strength varies as  gx.     The boundary  condition requires 

vr    . dR 
Uo+u      dx (5.153) 

The  first  source distribution,  starting at   x^,  produces a conical-tipped nose. 
The slope at  P^ will  be 

dx  ll 

gl g ■/W 
g,   oosh-i{_|_) 1 ßRl 

(5.15^) 

Hence, to match the known slope of the body at P^ 

6l " W 

dR 1  II 
ctx ll "- 

^ucosh-M^^/^FTT 
(5.155) 

With this value established, the change in source strength distribution at X2 can be 
determined to make the slope of the flow at Pp match that of the body there. The formula 
for the slope g^ is 
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npm 

( BRl-l ' 

(5.156) 

To account for angle of attack, the line sources are supplemented by line 
doublets. The flow field due to a line doublet whose strength increases linearly with 
slope c results In velocity components (ref. 83, for example). 

u /TO? $r' (5.157) 

■r [ß oosh-l  (Ip)  + * A^)2 - l] (5.158) 

IS ■  '-^f^   [* -sh-1  <&- F ^h^] 
(5.159) 

where e is the angle around the body measured from the windward element. 

The boundary condition on the body surface requires that 

(ü^) " 003 9 / u , dR 
U«,a dx 

(5.160) 

Again changes in doublet strength slope can be adjusted to match the boundary condition 
at selected axial stations. The resulting formula for the slope c^ is 

1-1     ,   1-1 
dR, 

i + m 
(5.161) 

The flow field around the body is determined by the velocities obtained from 
Eqs. (5.151),(5.152), (5.157), (5.158), and (5.159). The source strength distributions 
are determined by Eqs. (5.156) and (5.161). The pressure on the body san be found from 
the linear theory formula 

2u  ,vn2 (5.162) 

A comparison of measured and calculated pressure distributions on a body at 
zero angle of attack is  shown in Fig.   5.1)3  (from ref.   63).    The good agreement is an 

TUNNEL DATA FOR TWO ROLL POSITIONS 

M - 1.25 
a -0 

——"^ NOSE ) 

FIG. S.'tS  COMPARISON OF THEORY WITH EXPERIMENT FOR PRESSURE 
COEFFICIENT ON AXISYMMETRIC NOSE 
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Indication that the flow field calculation Is also accurate close to the body surface. 
Far from the body axis, the linear theory Is not so accurate, hence the shook wave 
correction Is applied to transform the body, as described earlier. The body flow field 
calculation cannot be applied when the first Mach line passes inside the body contour. 
Thus blunter bodies can only be treated by making additional approximations. 

5.6      Forces on Store in Nonunlform Supersonic Flow 

5.6.1    Store body 

The force distribution on a store in a nonuniform flow field is calculated 
In ref. 63 by subdividing the store Into axial sections having nearly uniform angle of 
attack. The normal force per unit length on each section is assumed to have the form 

' a ax" + CN 57 

For example, by slender body theory 

CNU) 2a S(x) 
,R2 

(5.163) 

(5.161) 

where S is the cro. s-sectional area at station x and TTR
2
 is the base area. Then 

2    dS 
ÜR7 dx 

3 da 
tR^ dx 

Hence in this case 

dx 
-2- ^ and , 
SRZ dx     WJ 

dCN 
TTR«; 

(5.165) 

In general the functions JJ- and CJJ can be obtained from experiment or linear 

theory as used In the supersonic flow field determination.  The values chosen for CN and 

and -Ji are those at the middle of each axial section.  The average value of the angle 

he angles at the c 

6(1! + ai.x ■*■ ai^i 

of attack is obtained by connecting the angles at the centers of the axial sections by 
straight-line variations.  Then 

(5.166) 

da 
The slope -^  Is also obtained from the average angles found by Eq. (5.166). 

In Fernandes' program, nonlinear effects due to body vortex separation are 
accounted for only by linearizing about the lift curve slope at some finite angle of 
attack Instead of the zero lift slope. 

Buoyant forces on the store are determined from pressure differences in the 
flow field In which the store is immersed.  To reduce the sensitivity to shock waves, 
the pressures at the top and bottom of each section of the body are assigned the values 
at the intersection of Mach lines as illustrated in Fig. S.U. 

TOP POINT 
STORE BODY 

MACH LINE 

FIG. 5.1*1»  BUOYANCY CORRECTION DIAGRAM 
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Then the vertical buoyant force coefficient per unit length Is given by 

(5.167) c   , nACpR 
HB      2 S ref 

The pressure Is assumed to vucy  slnusoldally from a maximum at the bottom point to a 
minimum at the top point.  Then the vertical component of the force coefficient results 
In the buoyant force coefficient shown In Eq. (5.167).  R Is the local body radius, and 
Sref Is a reference area, ACp Is the difference In pressure coefficient between the two 
points and Is found from the linear theory expression 

"•-t (5.168) 

where u Is the local perturbation velocity of the stream In which the store Is placed. 

Side forces due to buoyancy are found In an analogous manner using the lateral 
pressure difference across the store to obtain ACp. 

The buoyant forces are generally found to be small when calculated In this 
manner, and any moments resulting from buoyancy effects are neglected. 

5.6.2    Loading on low aspect ratio store fins 

High aspect ratio fins are treated differently, while forces on low aspect 
ratio fins are obtained by a slenier body theory. 

Assuming that an axial section of the store contains part of a low aspect 
ratio fin, then the components of Eq. (5.163) become 

dCN ^ dCN       ^N |  + ^N 1 
dx " dx  'body  dx  'F  dx  'carry-over (5.169) 

and 

CN " CN I body + cNlfln + carry-over (5.170) 

From the theory for slender wing-body Interference, given In ref. 81), the fin contribu- 
tion (lift panels) is 

dCN 

^lF "^^^ ^-bi S3 (5.171) 

Here b, and bj are the fin semi-span dimensions Illustrated In Fig. S.'tS.  1^, and 1^ 

are wing carry-over factors at stations x^ and xj. Values are given in ref. S1*. D Is 
the body reference diameter used in the non-dlmensionallzation of the forces. 

Also, based on the slender body theory of ref. 81* 

dC^ 

dx carry-over  D2(x.,_Xl) 
(b2

2KB2 - bi
2^) 

where Kg and Kg are body carry-over factors, also given In ref. S1*. 

(5.172) 

x1 A2 

FIG. S.'tS  PORTION OF BODY WITH LOW ASPECT RATIO FINS 
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The same expression for slender wind lift gives, for two fins, 

?N fin + body" ^'2\2*HZW (5-173) 
carry-over 

The fin la truncated after the axial station of maximum span. 

5.6.3   Loading on high aspect ratio store fins 

For a high aspect ratio wing, the force on two wing panels (body removed) Is 
obtained by linear theory. The coefficient per unit angle of attack Is designated CJJ . 
The Incremental loading on the body due to wing carry-over Is a 

P- I -KBCNa es m) dx  l carry-over  .    . v^.-w-w 
(X2-X!) 

and 

K C 
CNlfin + carry-over ' (x _x j da (5.175) 

Cjj Is determined by linear theory as In the Mach box method, for example. By a similar 
CN 

process /acn Is calculated by linear theory as the normal force coefficient for unit 
dx  da 

value of    (37). That Is, a varies linearly across the chord of the wing, being zero 

at the center of the Interval (X2-X2). 

In Fernandes' procedure, the forces on the store due to the Interference flow 
field are added to the forces due to store angle of attack and motion. This linear 
superposition works well unless the combined angles are large. 

5.7 Trajectory Calculation In Supersonic Flow 

The various steps can be carried out by the computer codes developed in refs. 
62, 63, ana 6^.    The flow field and force calculations can then be combined with a 
trajectory program to provide the store motion. The trajectory program part of the 
store separation code of ref. 56 might be adapted to this purpose. 

5.8 Transonic Flow Field 

Transonic flow field calculations are not yet as fully developed as the sub- 
sonic and supersonic cases. Two methods could be employed to approximate the transonic 
flow.  One approach is based on slender body theory; while the other makes use of 
transonic similarity laws. 

The slender body theory philosophy is based on the linearized expression for 
velocity potential 

d-M») fxx + ♦yy + ♦zz " 0 (5.176) 

For a slender body $x]l is  small compared with the other terms and the flow must then 
satisfy the Laplace equation at each cross section. Since the Mach number is no longer 
a parameter, formulas based on slender body theory can be applied at transonic speeds. 
The flow around wings and pylons, however, does not fit into this category. 

Transonic theories are primarily directed toward the prediction of forces in 
uniform flows. Transonic similarity laws can be applied, however, to adapt subsonic or 
supersonic theories to the transonic problem. 

One possible approach would use slender body theory to obtain the flow field 
about bodies and similarity law to find the flow field about wings and pylons. Then 
the forces on the store could be determined from slender body theory; or, if the store 
is not sufficiently slender, from transonic similarity. 

From the transonic similarity laws, which may be found in ref. 85, for example, 
a given configuration Is transformed according to the relations 

g'AR'« BAR (5.177) 
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(5.178a) 
(I-'T')1^  (rT)l/3 

Here (  )' denotes the transformed variable. 

a • /| i - M^I 
SB 

AR ■ aspect ratio 

T ■ angle of attack or thickness ratio 

r - (Y+l)MiS 

y  ■ ratio of specific heats ■ l.h  for air 

The upwash and sldewash angles In the transformed coordinates will scale with 
T. That Is 

— " —  - (5.178b) 

and 

vl . LL v (5.179) 
U'   T  U 

In order to determine a transonic flow field, a supersonic or subsonic 
solution Is first obtained then transformed to the desired transonic flow. For example, 
suppose the flow field is desired at Mi ■ .9 about a wing at angle of attack a . Then 
the solution Is obtained for a subsonic case, say M,, ■ .7, below the critical speed. 
The methods of Section 5.1 can be used for that purpose. Then 6' • /7I7 and 6 ■ /75T. 
Also I" • 1.9')'* and r » 1.176.  Hence, from Eq. (5.177) AR ■ AR' X |1 • .61 AR' and 

from Eq. (5.178) 

F'   ß 
T - T' x i— x _E_ - .37 T' 

r   6<3 
Then the subsonic solution for a configuration whose aspect ratio is .61 

times the desired transonic configuration and whose thickness and angle of attack are .37 
times the corresponding transonic case gives the required similar flow. The flow angle 
at corresponding points scale with !_ and the points themselves scale with ß. That is 

T 

SLL- fi-i (5.180) 
x'  6' x 

and 

äl.i-^. (5.181) 
x'  ß' x' 

5.9      Forces on 2tore in Transonic Flow 

The forces on the store in the transonic flow field can be calculated by slender 
body theory following procedures similar to those in Section 5.6.1 and 5.6.2. Transonic 
similarity laws can be applied also.  From ref. 85 

(^) 2/3 CF
 " if^I CF t^TTT ' e,AR,] (5-l82) 

Cra
 ' ^3173 ^ [7F^Vi' ß,AR,] (5-183) 

where Cp and Cp represent force coefficients, and Cm and CjJ, represent moment coefficients. 

5.10    Control of Trajectories 

Accurate procedures for calculating store trajectories can be used to investi- 
gate the safety of aircraft clearance and to provide predictions of Impact points for 
fire control Information.  However, another means of achieving these ends would be to 
adjust the ejection process so as to keep the store on a ballistic trajectory. 
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In the pitch plane, the trajectory might be controlled by using a two-piston 
ejector, with the ejection forces adjusted to Impart Just the right amount of Initial 
linear and angular velocity to the store. Then the store would emerge from the aircraft 
flow field nearly on a ballistic trajectory; that la, with very small angle of attack 
and pitch rate. The store would then continue on a predictable ballistic trajectory 
to impact. 

Such a controlled launch would have several advantages over an ejection with 
larger pitch amplitudes. For one thing, the smooth trajectory would almost certainly 
result In an Improved safety margin with respect to avoidance of store-aircraft collision. 
It would also broaden the envelope of safe launch conditions to nearly fill the entire 
range of aircraft flight.  Furthermore, Impact points would be relatively Insensitive 
to variations in ejector cartridge Impulse or departures of other ejection parameters 
from their nominal values. The low sei iitivlty would result from the fact that several 
degrees of maximum store angle of attack would have little effect on the trajectory of 
a stable store.  A controllec" ejection could also keep store angles of attack low enough 
to avoid nonlinear instabilitj '8, such as catastrophic yaw. 

The Investigations reported in ref. 17 indicate that even in severe cases It 
is possible to achieve initial angular rates that would keep the store on a ballistic 
trajectory.  In fact, by applying Initial yawing moments as well as pitching moments, 
the trajectory can be corrected in both planes as might be required for launch from a 
wing station into a lateral flow field.  A complete description of the experiments can 
be found in ref. 86. 

In general, the distribution of ejection forces required to insert the store 
on a ballistic trajectory is a function of the store-aircraft geometry and the flight 
conditions. Consequently, the ejection mechanism should be adjustable in flight to 
produce the desired store insertion characteristics. Several methods have been proposed 
for mechanizing the adjustment. 

In ref. 17 an adjustable ejection system is pictured with four pistons capable 
of applying both pitch and yaw corrections. The adjustment is accomplished by controlling 
the time over which high pressure is applied to each piston.  A relief valve on each 
piston can be opened to cut the impulse at that particular ejection foot. The timing 
of the valves, in turn, would be set from the fire control computer which would take 
account of the store location and flight conditions. 

Several mechanisms have been constructed with two-plstnr. ejectors In which 
the relative distribution of gas pressure to the pistons is controlled by an adjustable 
orifice  The orifice turns like a stopcock from full open to closed, letting proportionate 
amounts of high-pressure gas (from a cartridge) reach the controlled piston. In order 
to permit In-flight adjustment, it would be necessary to set the orifice openir-.g v.'a 
an output from the fire control computer. 

It is also possible to adjust the length of stroke of the pistons, and a device 
for accomplishing this has been constructed at the Naval Weapons Center, China Lake. 
This device uses auxiliary chambers with a hydraulic force transfer system. The volumes 
of the auxiliary chambers are adjustable so that portions of the hydraulic fluid can 
be directed to the piston or the auxiliary chamber.  If all of the fluid is directed 
to the piston. It Is driven to Its full extension. If the auxiliary chamber is partially 
open, then some of the fluid will not go to the ejection piston, and its stroke will be 
correspondingly reduced.  As in the other systems, an in-flight adjustment of the 
auxiliary chamber volume could be set by the fire-control computer. 

6.        WIND TUIJNEL TEST TECHNIQUES 

6.1      Introduction 

Three types of wind tunnel test are in use for determining store separation 
trajectories.  In general, only the part of the store's flight in the vicinity of the 
aircraft is investigated.  Once the store leaves the effective region of Influence of 
the launch aircraft, it is simply an aerodynamic shape in a uniform flow whose motion 
can be determined by conventional means if the angle of attack is not excessive. 

One type of test, obviously, is to perform a simulated drop in the wind tunnel. 
The scale is usually rather small, and compressibility effects cannot be correctly 
simulated because gravitational acceleration is fixed and dictates the time scale once 
the length scale has been chosen. 

Another test method is the "captive trajectory" technique in which the store 
model Is mounted on a balance and placed in its launch position near a model of the 
launch aircraft. The forces and moments on the store are measured.  Then a computer 
calculates the motion of the store during a short time interval taking account of the 
measured aerodynamic loads, the gravitational force, and damping forces. The store is 
then moved to the next predicted location where the process is repeated.  Modern computers 
are fast enough to carry out a complete trajectory in a few seconds. 

A third commonly used technique is the "grid data bank" procedure. Here the 
aircraft flow field is surveyed using the store model as a probe, at every location the 
forces on the store due to its angle of attack and the aircraft flow field are measured 
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and stored In a uomputer memory.  Then a trajectory can be computed for arbitrary initial 
conditions using Interpolations of the d-»ta to determine the forces at arbitrary loca- 
tions.  Gravitational and damping forces Tiust be added in the trajectory program. In 
most cases, the forces due to aircraft flot. field and store angle of attack can be 
linearly superimposed so that during the flow survey the store can be maintained at zero 
angle of attack. The store static and dynamic characteristics then are measured only 
once in a uniform stream. 

A variation of the captive trajectory technique uses a flow angularity probe 
rather than a store model.  The probe measures the flow field In the region that would 
be occupied by the store axis.  Based on the survey data, a computer calculates the 
forces on a store and predicts an increment of its motion. The probe is then moved to 
the new location where the process is repeated until the trajectory is traced out. 
Although cumbersome in some ways, this technique has the advantage of requiring only 
that a small probe be placed in the flow field, so that interference between the probe 
support and the aircraft model can be avoided. 

6.2      Dynamic Drop 

6.2.1    ScallnK laws 

6.2.1.1 Scaling problem 

A simple direct technique for obtaining trajectory data is the ejection of a 
scale model in a wind tunnel. Special equipment is required to eject the model In 
addition to high-speed photography, preferably capable of recording both pitch and yaw 
motions.  Descriptions of tests of this type may be found in refs. 87-91.  Since an 
airplane model is required In addition to the store, the scale of the test is usually 
quite small.  Consequently, scaling laws are of some significance and will be briefly 
reviewed here. 

Assume that subscript ( )f refers to the full-scale condition and ( )m denotes 
the wind tunnel model. The objective is to obtain a trajectory in the wind tunnel which 
is In exact proportion to the full-scale case. That is, the store model will trace the 
same path with respect to the airplane and will assume Identical angular orientations. 

6.2.1.2 Length 

Define the length scale, then, by 

If  - NLm (6.1) 

6.2.1.3 Time and velocity 

In the absence of aerodynamic forces, the store will accelerate at the 
gravitational rate.  To make the displacement of the model scale in the same manner as 
its own length, the time will scale according to 

tm  i 
(6.2) 

and the velocity scale will be 

1« - i_ (6.3) vf   s 
6.2.1.t       Air temperature 

In order to correctly  simulate compressibility effects,  the Mach number rust be 
matched 

Mm ■  Mf (6.H) 

Hence  the  velocity  of sound  is  constrained as  follows 

(Vm) 
Jm .    Wjjj    . i_ (6.5) 

Since, for a perfect gas the velocity of sound is proportional to the square root of the 
absolute temperature 
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3 (6.6) 

In most supersonic wind tunnels, this requirement cannot be realized. The 
model Is so small that the air would condense. The consequences will be discussed later. 

6,2,1.5  Weight scale 

To make aerodynamic forces, P, scale In proportion to force of gravity, 

wm  F_ m 
Pf (6.7) 

The aerodynamic forces. In turn, are proportional to vehicle area and stream dynamic 
pressure. Hence, for a properly scaled test 

m 
wf N, P 3 "f 

(6,8) 

where pf Is the density of the air In the free flight environment, and pm Is the density 
of the air in the wind tunnel test section. 

If Mach number Is matched, even If the wind tunnel velocity Is not properly 
scaled, then the required weight scale becomes 

m 
wf 

1 Pj, 

ij7 Pf 
(6.9) 

where Pf and p,,, are the static pressures In free flight and the wind tunnel, respectively. 
This result Is a consequence of the fact that dynamic pressure Is related to static 
pressure In compressible flow of a perfect gas by 

q - I M2 p (6,10) 

Y being the ratio of specific heats, 

6,2.1.6  Moment of Inertia 

In order to make the model turn through the same angle at the same point on 
the trajectory as the full-scale vehicle, the moments of Inertia must be related by 

fll Pf 
(6.11) 

By comparison with the weight scale from Eq. (6.9) the radii of gyration will have the 
ratio 

km 
k7 

(6.12) 

6.2.1.7 Aerodynamic damping 

In order to properly scale the aerodynamic damping, the velocity of the stream 
should scale In the same ratio as the trajectory velocities as given by Eq, (6,3), If 
the Mach numbers are matched, the wind tunnel stream will have too high a velocity, Um, 
and hence the model store will not have the correct damping. 

6.2.1.8 Induced angle of attack 

The supersonic wind tunnel with Its Incorrect velocity will also have the wrong 
Induced angle of attack, 

6.2.1.9 Choice of scaling laws 

Unless the tunnel Is so large that nearly full-scale models can be tested, It 
Is not possible to match all non-dlmenslonal parameters. It Is possible, however, to 
choose which parameter will not be properly scaled. The following table shows turee sets 
of scaling laws. 
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JeaHtw Law 
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Incorrect, Incorrect Incorrect 
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1 ^m 
H" Pf 
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1 
IT 

1 
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1 
/ii 

i 

i 
N3 
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Pf 

I 

N5 

pm 
pf 

1 
«TT 

uf 

2^ £E 
N3 

p
f 

1_ Pm 
^ H" Pf N5 Pf K5 Pf 

Kf 

The heavy-model scaling of set I produces a trajectory nearly geometrically 
similar to the free-flight trajectory and Is generally preferred In supersonic tests 
unless the store acquires a large vertical velocity.  In that case, the Induced angle 
of attack will be too small In the model test and a noticeable, and usually unoonserva- 
tive, discrepancy in the trajectory may result. 

Set II Is satisfactory at low speeds when Mach number is not a significant 
parameter.  It is not reliable at supersonic speeds, however. 

In set III the aerodynamic accelerations acting on the model would be different 
from the full scale, but gravity will not oblige by changing in the same ratio. 
Nevertheless, this set of scaling laws is appropriate for cases in which a substantial 
vertical ejection velocity is initially applied to the store so that the displacement 
due to gravity is not significant In the vicinity of the airplane.  Corrections may be 
possible.  The measured vertical displacement can be corrected to account for the 
discrepancy in gravity.  Also, It is technically possible to adjust gravity by applying 
a suitable magnetic field (see ref. 92).  It Is also conceivable that the launch air- 
plane might be moved vertically during the drop test in order to correct the relative 
displacement. 

6.2.2 Comparison with flight test 

A comparison of wind tunnel and flight test releases of an empty rocket pod 
is shown in Fig. 6.1 taken from ref. 93-  Although the camera positions were different, 
it is apparent that the wind tunnel test gave a good representation of the store 
trajectory.  Comparisons of vertical position and pitch angle for a fin-stabilized bomb 
are shown in Fig. 6.2 taken from ref. 88. 

In the dynamic drop test technique, one of the most difficult problems Is the 
calibration of the ejector system to cause it to provide the desired initial conditions. 
Eventually it must be calibrated by direct measurement of the initial linear and angular 
velocity Imparted to stores under actual wind-on conditions. 

6.2.3 Data reduction 

The dynamic drop data appears in the form of photographic coverage of the 
trajectory from high-speed movie fij.m.  Reading the film is a tedious process, and 
accuracy Is limited.  Procedures have been developed which speed the process and improve 
accuracy. 

The method reported in ref. 9^ projects the photographic data on a television 
picture of a model of the store. The model orientation Is adjusted to match the 
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trajectory photograph. Then the settings that produce the match are automatically 
recorded. This process was developed primarily to reduce flight test film data of 
store separation experiments. 

6.3 Captive Trajectory 

In the captive trajectory technique, an airplane model Is placed In the wind 
tunnel, and a store model Is mounted on a separate sting balance which places It close 
to Its carriage position.  The forces on the store are measured by Its balance. These 
forces are fed Into a computer along with Inertlal and damping data. The computer 
calculates an Increment of motion which Is then fed to the support mechanism which 
automatically moves the store to the next position along its trajectory. The result Is 
a "captive trajectory" In which the model store follows the same path as a full-scale 
store would travel under the same initial conditions. Such systems are described in 
refs. 95-W. 

The technique seems to work well. Comparison with flight test results is 
difficult because flight conditions and wind tunnel conditions are seldom matched. How- 
ever, wind tunnel trajectories agree with flight teit when valid comparison Is possible. 
Figures 6.3 and 6.h  from ref. 98, for example, compare captive trajectory and flight 
test data for a Jettison of a gun-pod from an F-^ aircraft. 

Difficulties arise in starting the store very close to the carriage position 
without coercing the balance by contact between the store model and the airplane model. 
Also, as the store pitches around under the airplane, it sometimes becomes Impossible 
to find a means of supporting the store without having the support run into the air- 
plane model. In fact, the support mechanism causes significant blockage and flow 
interference that can modify the trajectory. These and other factors affecting the 
accuracy of the technique are discussed In ref. 99. 

A modification of the captive trajectory procedure makes use of a flow-probe 
instead of the store model.  The probe surveys tne flow along the axis of the store 
position. Then this flow data is used to calculate the force on the store in that 
position. Again a trajectory computation Is used to fix successive positions of the 
store which are then surveyed in turn. The use of this technique is described in 
ref. 100. 

6.4 Grid Data Bank 

This flow survey procedure uses an airplane model mounted in a wind tunnel as 
In the captive trajeotor-y technique. However, instead of moving a store model along 
its computed trajectory, the store, mounted on a sting balance. Is used as a probe to 
measure the aircraft Interference flow field (ref. 101). Once the forces and moments 
on the store have been measured at a grid of points In the aircraft flow field, the 
data Is stored in the form of Interference influence coefficients in a computer. The 
store static and dynamic characteristics as a function of angle of attack are also 
measured In a uniform stream. 

To calculate a trajectory, an Initial condition puts the store at seme point 
in the flow. The store-alone forces due to its motion and angle of attack ar-' thoin 
added to the interference forces Interpolated from the data bank, and a resulting 
Increment of motion is computed. The computer thus steps through the trajectory using 
Interpolated Interference data plus store alore coefficients at each increment. 

Once the flow field tea been surveyed using the store for a probe, any number 
of initial conditions can L-e investigated. However a separate survey Is required for 
each aircraft angle of attack ar.d each store geometry. 

Comparisons of this type of trajectory with dynamic drop data are shown in 
Figs. 5.5-6.8, taken from ref. 17.  The store model represented a 900-pound bomb 
ejected from an F-l^ aircraft wint: pylon. Qp and r0 are the initial angular rates of 
the store in pitch and yaw, v0 ar.d v0 are the corresponding linear initial velocities. 

p    * 
The test was carried out at  Mach number 2.5.    The curves marked  "experimental data" 
represent the dynamic drop  trajectories,  while  the  "calculated  data"  used the grid data 
bank technique. 

7. FLIGHT TEST 

7.1 Introduction 

Flight tests finally provide the real store separation characteristics which 
analytical and ground test methods are trying to predict.    However, while flight test 
data may be Indisputable,   Its proper interpretation is another matter.    The first 
problem Is to be sure of safe separation before the test is undertaken. 

The next  step Is  to acquire trajectory data.    The best  information is  obtained 
from high-speed motion pictures  from boreslghted on-board cameras.    Ground-based cameras, 
or photography  from nearby  aircraft  can also be helpful.    Converting the film record 
Into a trajectory Is a task of significant dimension, from ♦■'.e points of view of both 
quality and quantity. 
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The most difficult part of the  flight test procedure,  however,   Is maintaining 
and measuring aircraft  flight conditions. 

Each of these problem areas will be discussed briefly.    New    techniques are 
constantly being developed, but implementation is slow because of the  cost and hazardous 
nature of flight hardware innovations. 

7.2 Safe Separation 

Safe separation may be assured by three methods.    First,  Covert's criterion 
(see  Section 4) or other simple estimates of initial store motion  (such as experience 
with similar cases) can be applied to distinguish safe from hazardous  situations.    The 
advantage of such procedures lies  in the ability to rapidly select appropriate release 
conditions for further study.    Next,   full trajectory calculations can be made by use of 
the  .nore detailed methods described in  Section 5.    Finally wind tunnel  tests can be 
made  and compared with the analytical  predictions. 

The first flight  tests of a new store-aircraft  combination naturally would be 
made at a very safe condition.    That  is  one In which wind tunnel tests  and analytical 
predictions are in agreement,  and for which theory and experiment Indicate a wide margin 
of safety in case flight or release  conditions depart somewhat  from the  desired values. 

Once flight test data becomes  available,  it can be compared  to analytical and 
wind tunnel predictions.    Any significant discrepancies must be resolved before flight 
tests are resumed.    Assuming that the  flight data can be accurately correlated with 
ground test and analysis,  the flight  program continues by  safe increments  toward the 
boundaries of the safe-separation or airplane performance envelop.    The number of 
possible store-aircraft flight-condition combinations is extremely large;  hence It Is 
not  feasible to test every  case.    Therefore the extreme conditions are  identified and 
tested,   thus bounding a domain of safe  separation. 

7.3 Instrumentation 

For proper interpretation of store separation data,  It  Is necessary, of 
course,  to know the flight  condition of the launch aircraft.    This information Is 
obtained by the flight instrumentation  conventionally available, but unusual accuracy is 
required  In some measurements.     The  Information required to establish  the  flight 
condition of a particular test  flight   Includes 

flight  speed and Mach number 
altitude  (air density  and temperature) 
dive angle 
roll and yaw angles,   If any 
angle of attack 
maneuver,  If any 

In cases of steady  flight  In  a vertical plane   (no yaw or roll),   the various 
flight  parameters can be  obtained with  conventional aircraft   Instruments.     To assure 
steady  flight,  accelerometers can monitor  Inadvertent maneuvers. 

Since store  separation trajectories are not  critically  sensitive  to Mach 
number,   dive angle,  or altitude,  measurement of these quantities  Is  not  difficult. 
Sudden aircraft maneuvers  due to turbulence,  for example,  could disturb  the store 
trajectory  or Impart motions to  cameras  photographing the  store  separation which might 
be  interpreted as store motion.     Consequently,  for determination of ballistics or basic 
separation characteristics,  steady  flight  is essential. 

The airplane angle of attack must be accurately known to fully  define the 
separation data.     It  can be measured by  a  flow probe,  but  probably  the  most  accurate 
determination would use known aircraft  weight,  flight  speed,  dive  angle,   altitude,  and 
lift   coefficient slope to  calculate  angle  of attack  (during zero acceleration). 

Reference  102 briefly  describes  the use and calibration of aircraft  flight 
Instrumentation.    We are  concerned here  primarily with the problem of -neasuring the 
trajectory  of the store with respect  to  the airplane.    The  initial  condition imparted 
by  the  ejection system Is  required,  as  well as the resulting trajectory  of the store. 
Such  information as ln-carriage  loads,   structural and aeroelastlc  effects,  and effects 
of  the  store on airplane performance may  also be of interest,  but  are  not  essential to 
the  determination of the trajectory which is  the itam under consideration. 

Exhaustive tests  of ejector  characteristics are  described  in  ref.   10'.     They 
indicate  surprisingly reliable and repeatable performance of cartridge-powered ejectors. 
However,  because of occasional vagaries,  detailed examination of store  trajectories 
should make use of the observed  initial   linear and angular rates  Imparted to the store 
as  well  as the calibration of the ejection system. 

Generally,  then,   the  trajectory  data of Interest  is  provided by photographic 
coverage  from three sources.     Ground-based theodolites provide accurate  measurement of 
store  and aircraft position as  functions  of time from well-established  ground reference 
points.     Unfortunately,  the distance  Is  too great to give  good data on  store orientation 
and  position with respect  to the  airplane. 
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Photographic InCorn.atlon  from chase planes Is of more quantitative value 
because  the airplane can get  close enough to the separation process to provide good data 
on the motion of the store relative  to  the  launch aircraft.    The chase plane  camera, 
however.   Is not accurately  located with  respect  to the launch airplane,  and hence the 
data reduction process Is only as accurate as the estimate of chase plane  position. 
The chase plane can also be  located by  ground theodolites,  and could even be photo- 
graphed  from fixed cameras on the  launch airplane to triangulate its  relative position. 
However,   the ground coverage again suffers  because of its distance from the event. 
Triangulation of the chase plane from the  launch aircraft  is also impractical  unless the 
chase airplane  lies within the predetermined  field of view of triangulating cameras. 

Consequently,  the most accurate data on the separation process  and  the initial 
store  trajectory  Is obtained  from carefulIv  boreslghted cameras mounted  on  the  launch 
airplane.     The  foliowlne accuracies  are     desired, but may  not be required  in all oases 

a) position of points on  the  store  to  .1 foot with respect  to  aircraft 
coordinates 

b) pitch,  yaw,  and  roll  attitude  to  1 degree relative  to aircraft  coordinates 

c) store control  deflections  to  1 degree 

d) time reference data accurate  to   .001 second 

A portion of the aircraft  fuselage  should be In the  field  of view  to serve as 
a reference  for aircraft structural deformation corrections. 

Ejector-foot  time history  measurement  in flight  would also help  to establish 
initial   conditions provided by  the  ejection  process. 

Accuracies actually achievable by  a photographic  system have been reported in 
ref.   lOh.     In flight,  the store, marked with special reference  indicators,   is released 
and photographed by on-board cameras.     The  film is later processed,  frame by  frame,  and 
the  locations of the reference marks are  stored on computer cards.     The  data cards 
plus  the  camera and reference mark  locations  are fed into a computer which  is programmed 
to resolve  the geometric  relationships  and  calculate store  trajectory  information. 

To  test the accuracy  of the procedure,  cameras were mounted  on  fixed platforms 
(on the  ground)  and a store wa^, placed at  various carefully measured  locations. 
Photographic data was then processed In the  same manner as  flight test data,  and the 
calculated store positions were compared with the measured ones.     Samples  of the 
resulting discrepancies are shown in Figs.   7.1  and 7.2 taken from ref.   10^.     From these 
results.   It  is  apparent  that  the angular errors  are more  like  2 degrees  than the desired 
1 degree,   and displacement  error is  also  several  times as  large as the  desired   .1  foot. 

7.^ Data Reduction 

Knowing the positions  and optical   axes of two aircraft-mounted  cameras,  it is 
possible   to determine the precise  location  of points on a separating store  seen by both 
cameras.     Reducing the data normally  requires  tedious measurements  of coordinates of the 
desired  points  from fiducial  marks  on  frames  of movie film.    The data  can be  reduced by 
a computer once  the positions  have been  recorded;  however several  sources  of error 
limit  the  accuracy of the process.     The  resolution and repeatability  of  the  film readini? 
process  provides  a fundamental  limitation  on  the accuracy.     In addition,  distortions 
produced  by  camera lenses and  films  can  cause errors although  corrections  are possible. 
Another  source  of error Is  the displacement   in time between the  corresponding movie 
frames  taken by two different  cameras.     As   Indicated by the experiments  of ref.   lO^t, 
these  errors  are  likely to produce  Inaccuracy  In angle measurements  of about  2 degrees, 
and displacement discrepancies  of several  Inches.    Structural  deformation of the air- 
craft  can  cause  camera motions  that  will  introduce additional  errors. 

Several  procedures have been  Investigated to reduce  the  labor and  Improve 
the accuracy  of the data reduction process.     A method called  "Teledaq"   (Television Data 
Acquisition)  is proposed in ref.   105.     In  this scheme,  television cameras  are used 
instead  of movie  cameras,   so that  the data  is  automatically available  in the  form of 
electrical  signals on tape.     To avoid  the  difficulties of pattern recognition,  the 
store  is   to be painted red  In  certain areas,   and a red filter on part  of  the  camera 
system  is   used to make the  red-painted areas  particularly  dominant.     With  this  type of 
coding,   the  television tapes  can be  digitized and the store position and  orientation 
determined by  computerized  operations  on  the  data.    Such a system could greatly 
facilitate  data reduction.     According to  estimates given in ref.   105,   the  accuracy would 
be  about  the  same as photographic methods,   but  advances being developed  in  data storage 
and resolution could  lead to  significantly   improved versions. 

Another procedure,  described  previously as being applicable  to  the  reduction 
of wind  tunnel  data,  has been developed  at  the Naval Missile Center   (ref.   9^).     The 
PDAS   (Photo  Data Analysis  System)  uses  aircraft-carried cameras  to record  the  flight, 
but  reads  the  film by superimposing  the  image  of a store model  viewed  from  a  television 
camera and an aircraft  camera  frame  showing  the  actual store.     When  the  model  has been 
correctly  positioned with respect  to  the   television camera so that  it  exactly  coincides 
with  the  movie  camera image,   then  the model   position and orientation  is  automatically 
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recorded.    The trajectory data can be accurately obtained In this manner with only one 
on-board camera.     However, accuracy  Is Improved by statistically averaging data from 
two or more  cameras. 

By  smoothing the data obtained by  the  PDAS system,  It  Is possible to differ- 
entiate  the  position information to obtain velocities and accelerations of the  store. 
Consequently  the  forces on the store can be deduced for comparison with analytical 
predictions or wind tunnel measurements. 

A procedure to improve angular resolution of the store Is proposed  In  ref. 
106.    The  idea  is to place carefully oriented polarized reflectors  on the atore.    When 
these are  Illuminated with polarized light,  the  angle at which the reflected  light  is 
extinguished  can be determined,  and hence  the orientation of the store at that  instant 
is known.    Other possible uses of polarized  light  sources are also indicated  in the 
report  (ref.   106). 

8. CONCLUDING  REMARKS 

The  primary subject of chis report,  has  been the trajectories of external 
stores during their passage through the flow field of the carrying aircraft.     Easily 
applied safe-separation criteria are described in Section '•, and methods of calculating 
trajectories  are  indicated in Section 5. 

Detailed numerical calculations of subsonic trajectories  can be carried out 
using the computer programs described in refs.   56-58.      he analysir.  seems to be quite 
accurate and is  capable of handling very general  configurations an'J flight  conditions. 
The main limitations are in angle of attack and Mach number.    If the store angle  is such 
that nonllnearities due to body vortex separation become significant,  then the  approxi- 
mate treatment  given in refs.   56-58 may be  inadequate.    Also, the compressibility 
correction procedure becomes unworkable at  speeds above the critical Mach number. 

The supersonic case is analyzed satisfactorily by Fernandes in refs.   62-6't. 
However,  he does not  include the trajectory  calculations in his computer programs.    His 
procedure may  also be Inadequate for stores at high angles of attack where vortex 
separation becomes important.    At  low supersonic  Mach numbers,  the procedure will break 
down because of the inapplicability of the  linearization of the flow equations. 

Thus  the transonic regime Is the area that  has been least  developed.     Some 
procedures are  suggested in Sections  5.8 and 5.9,  but comprehensive  computer codes 
covering the  transonic regime do not yet appear to be available. 

Although the effect of external stores  on airplane performance has been only 
briefly discussed in this report,  the implication seems clear that  flight  characteristics 
could be significantly Improved by better design and integration,  as in the conforraal 
carriage  concept. 

Supersonic release of stores has received relatively  little attention to date. 
Hot many aircraft can carry external stores at  supersonic speeds, and the large aero- 
dynamic  forces make store trajectories difficult  to control.    However,  improved aircraft 
performance and  the need for high-speed attacks  are  likely to result  in increasing 
release velocities.    To assure aircraft safety and accurate placement of store  trajecto- 
ries,  better ejection mechanisms wil". be needed at  the higher speeds.    Controlled 
releases,  such as those described in Section 5.10,  will probably be developed. 

The major message of the considerable work in the field of store separation is 
that better integration of aircraft  and stores  is needed to improve the performance and 
reliability of both.    Aircraft  should be designed to carry stores.  Instead of adding 
this capability almost as an afterthought.     It  should also be noted that  if a new air- 
plane must be  capable of carrying all existing stores, and a new store must  fit  on all 
existing aircraft,  improvements in performance of the aircraft-store combination will 
be extremely  slow.    Integrated store-aircraft  systems must be conceived without  such 
constraints  to provide paths for far-reaching development. 
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